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INTRODUCTION
With the exception of the limited biosynthetic

activity exhibited by mitochondria and chloro-
plasts, the translation of mRNA occurs in the
cytoplasm. Nevertheless, all cells synthesize
proteins that are exported to various noncyto-
plasmic locations. In addition, many cells are
capable of true protein secretion. These process-
es of protein localization are selective and effi-
cient in that proteins are strictly compartmental-
ized to a particular cellular location. During the
past decade, considerable effort has been direct-
ed towards elucidating the molecular mecha-
nisms by which cells accomplish these process-
es. One important outcome of this work was the
realization that all cells use similar mechanisms
of protein localization. This realization has fos-
tered a solid interaction between biologists
working with numerous different organisms.

Despite the fact that bacteria are generally
considered to be simple organisms, investigators
working with eucaryotic systems have led the
field with respect to biochemical studies. This is

due to the specialization characteristically ex-
hibited by the cells of higher organisms. Eucary-
otic cells contain organelles that function specif-
ically in the process of protein localization.
Purification of these organelles automatically
provides the biochemist with an enriched frac-
tion containing the biological machinery of inter-
est. Procaryotic cells offer no such advantage.
Here the number of subcellular compartments is
small, and each performs many different func-
tions. On the other hand, investigators working
with procaryotic cells have led the field with
respect to genetic analysis. Bacteria, such as
Escherichia coli, are haploid and multiply rapid-
ly. They are well characterized genetically, and
techniques used routinely are more sophisticat-
ed than those currently available in eucaryotic
systems. In this review we describe the genetic
techniques that have been applied successfully
to the study of protein localization in bacteria.
Before beginning, however, we review the rele-
vant biochemical data. This review will familiar-
ize the reader with current concepts, and it will
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make apparent the many questions that remain
to be answered.

PROTEIN LOCALIZATION IN EUCARYOTIC
CELLS

Most of what is currently known about the
process of protein localization stems from the
work of George Palade. In pioneering studies,
Palade traced the intracellular routing of a vari-
ety of noncytoplasmic proteins (153). The fol-
lowing key discoveries were made. (i) Proteins
for export are synthesized by polysomes that are
bound to the membrane of the rough endoplas-
mic reticulum (185). (ii) Proteins destined for
export are never found in completed form in the
cytoplasm. They are segregated immediately
into the lumen of the rough endoplasmic reticu-
lum (162). (iii) Using autoradiography and cell
fractionation, Jamieson and Palade (97, 98) fol-
lowed pulse-labeled proteins through the export
pathway. They found that proteins are trans-
ported from the endoplasmic reticulum through
the Golgi apparatus to secretory vesicles, where
they remain stored until secretion. This intracel-
lular export pathway is often referred to as the
Palade pathway.

In the last several years genetic verification of
the Palade pathway has been obtained by No-
vick and Schekman (143), using yeast as a model
system. Their elegant work stems from the dis-
covery that many yeast mutants defective in
protein export accumulate secretory organelles.
This accumulation makes mutant cells more
dense than wild-type cells and consequently
provides a simple method to enrich for export-
defective mutants. Mutant strains that are tem-
perature sensitive and that accumulate exported
proteins at the nonpermissive temperature were
isolated (142, 143). Morphological examination
of many of these mutants has shown that they
fall into three classes based on the nature of the
accumulateod secretory organelle. One class ac-
cumulates a. structure related to endoplasmic
reticulum, another accumulates a structure re-
lated to Golgi, and the third accumulates secre-
tory vesicles (142). By constructing a series of
double mutants and determining the nature of
the secretory organelle that accumulates at the
nonpermissive temperature, they have been able
to coXifirm the temporal order of the Palade
pathway-(141). Genetically, these export-defec-
tive mutations define at least 23 different com-
plementation groups (142). This underscores the
complexity of the cell's export machinery.
Having elucidted the export pathway, inves-

tigators began to examine events at the molecu-
lar level to gain insight into the mechanisms of
protein localization. Since the actual transfer of
the protein across the membrane appeared to
occur at the level of the rough endoplasmic

reticulum, initial effort was focused here. The
experiments of Redman and Sabatini (161) dem-
onstrated that truncated polypeptide chains pro-
duced by the action of puromycin were also
segregated into the lumen of the rough endoplas-
mic reticulum. Furthermore, microsomes (right-
side-out vesicles of endoplasmic reticulum) can
protect nascent chains from proteolytic degrada-
tion (170). Experiments such as these led to the
conclusion that segregation is the result of vec-
torial transfer of the nascent polypeptide chain
across the membrane into the lumen. In other
words, protein transfer is tightly coupled to, if
not inseparable from, translation.

The Signal Hypothesis
The question then arose, What is the basis for

the observed $electivity of the export process?
Where does the information specifying export
lie? There were two possibilities: either the
information is contained within the mRNA, or it
is contained within the structure of the protein.
If the latter possibility is correct, then the infor-
mation must lie near the NH2-terminalend ofthe
protein since the export process begins before
synthesis is complete. The experiments of Red-
man and Sabatini (161) substantiated this posi-
tion by showing that the COOH-terminal end of
the molecule can be removed without affecting
export.
The first experimental evidence to shed light

on the nature and location of export information
was obtained by Milstein et al. (132). Using a
cell-free translation system, they found that
immunoglobulin G (IgG) light chain was initially
synthesized in larger precursor form with a
peptide extension at the NH2 terminus.
Schechter and co-workers (176) verified these
findings and presented the first amino acid se-
quence data for the peptide extension. These
results offered suggestive evidence that export
information was contained in an NH2-terminal
peptide extension. The assumption did not re-
ceive widespread acceptance, however, until the
work of Blobel and Dobberstein (11, 12) ap-
peared.
The important breakthrough provided by Blo-

bel and Dobberstein (11, 12) was the develop-
ment of an in vitro assay for protein transport.
Using a cell-free translation system to which
microsomal vesicles had been added, they were
able to demonstrate protein transport by show-
ing that the protein product was inside the
vesicles and thus protease resistant. They also
were able to show that, in the absence of mem-
branes, precursor was synthesized. If mem-
branes were present during synthesis, mature
product located inside the vesicles was found.
However, if membranes were added after syn-
thesis was complete, no processing or transport
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could be detected. This evidence led to the
formulation of the signal hypothesis.

According to the signal hypothesis, a protein
destined to be secreted from cells is synthesized
initially as a larger precursor with 15 to 30
additional amino acids at the NH2-terminal end
of the molecule. This peptide extension (the
signal sequence) was proposed to initiate bind-
ing of the translation complex to the rough
endoplasmic reticular membrane, resulting in
the formation of a transient pore (an export site)
through which the nascent peptide chain passes
as synthesis proceeds. The net result is a vec-
torial transfer of the protein across the rough
endoplasmic reticular membrane to the lumen of
the organelle. The signal sequence is removed
by a specific protease (signal peptidase) proba-
bly before synthesis of the secretory protein is
completed.
The availability of an assay for protein trans-

location permits biochemical fractionation and
purification of essential components of the ex-
port machinery. Two different approaches have
been applied successfully. Walter and Blobel
(207) purified a membrane-associated protein
complex (250,000 daltons) composed of six poly-
peptide chains. This complex is released from
the rough endoplasmic reticular membrane by a
high-salt wash. In similar experiments, Meyer
and Dobberstein (127) identified a peptide frag-
ment that is released from microsomes by high-
salt and limited proteolysis. By raising antibod-
ies against the purified fragment, they were able
to demonstrate that the fragment corresponds to
a 72,000-dalton membrane protein (128). After
some initial confusion regarding the possibility
that the 72,000-dalton protein was a component
of the 250,000-dalton complex, it has been
shown that they are distinct and that they func-
tion in sequential steps in the export process.
The 250,000-dalton complex has been shown to
function by binding to the signal sequence as it
emerges from the ribosome and halting further
translation. When stripped microsomes (salt
washed) are added, translation resumes, and the
export process begins (208). This complex,
called signal-recognition particle (SRP), func-
tions to couple synthesis and export, a critical
activity, because if translation proceeds too far
beyond the signal sequence, export cannot oc-
cur (167). The 72,000-dalton membrane protein
is the component that relieves the SRP-mediated
translation block (128) and has been termed
docking protein. Similar results have been inde-
pendently obtained by Gilmore et al. (67), and,
on the basis of earlier work, Walter and Blobel
(208) termed this protein SRP protein.

Recently, Walter and Blobel (209) showed
that 7S cytoplasmic RNA is an integral compo-
nent of the SRP complex. Although the function

of this RNA is not yet known, its discovery
raises the possibility that specific nucleic acid
base pairing may be required for the interaction
between SRP and polysomes. Such an interac-
tion may involve sequences in mRNA or rRNA
or both.
Another biochemical approach for identifica-

tion of the components of the export machinery
was to compare the protein composition of
rough and smooth endoplasmic reticulum. Such
a comparison revealed two glycoproteins
(-65,000 and 63,000 daltons) that are greatly
enriched in the rough endoplasmic reticulum.
Several lines of evidence suggest that these
proteins interact with ribosomes. Most persua-
sive is the finding that these proteins can be
cross-linked to ribosomes (111). The proteins,
termed ribophorins, may play a role in ribosome
binding to the rough endoplasmic reticulum.

The Signal Hypothesis and Membrane Proteins
The signal hypothesis was proposed originally

to explain the initial steps of protein secretion.
Several lines of evidence demonstrate that many
integral membrane proteins that span the lipid
bilayer, and contain a hydrophilic domain(s)
exposed on both sides, are also routed through
the Palade pathway. For example, yeast mu-
tants, which are defective in protein secretion,
also appear to be defective in the incorporation
of certain proteins into the cytoplasmic mem-
brane (143). Are these membrane proteins ex-
ported by a different mechanism from that for
other secreted proteins? The available evidence
indicates that the answer to this question is no.
Rather, the mechanisms seem to be variations of
a common theme. Many membrane proteins
behave like incompletely secreted proteins. Per-
haps the most thoroughly studied example of
such a protein is the glycoprotein (G) of vesicu-
lar stomatitis virus (VSV) (105, 106, 118, 167; for
review, see reference 122). This protein is ori-
ented in the membrane with its glycosylated
NH2-terminal end facing out and a small portion
of its COOH-terminal end facing the cytoplasm.
The protein is synthesized on membrane-bound
ribosomes in a manner analogous to secreted
proteins except that the completed protein is
never released into the lumen of the organelle. It
remains anchored in the membrane by a se-
quence of 20 to 25 hydrophobic amino acids
located near the COOH-terminal end of the
molecule. This stretch of hydrophobic amino
acids has been given the descriptive term stop
transfer sequence (10). Thus, by simply propos-
ing the existence of a second export signal
located downstream from the signal sequence in
the primary structure of the protein, the signal
hypothesis can be adapted to explain the inser-
tion of the G protein into the membrane (Fig. 1).

VOL. 47, 1983



316 SILHAVY, BENSON, AND EMR

Lumen

L J

Cytoplasm
3,

FIG. 1. Schematic illustration of cotranslational export. The export process begins at the bottom of the
illustration: the ribosome assembles and initiates translation of the mRNA at the 5' end. The signal sequence
(represented by the wavy line in the mRNA or by small open circles in the protein) emerges from the ribosome
and is recognized by the SRP complex, which interacts with the ribosome and the nascent polypeptide chain,
stopping translation (middle illustration). This translational block is relieved when the complex (ribosome, SRP,
and nascent polypeptide chain) interacts with the membrane-associated docking protein at the export site (top
illustration). The signal sequence is composed of two segments, an NH2-terminal charged segment and a
hydrophobic segment. During the initial stages of polysome binding to the export sites, the positively charged
segment interacts with either the inner leaflet of the membrane bilayer or a component of the export site. The
hydrophobic segment then loops into the bilayer (89) and a functional export site is formed. As translation
proceeds, the nascent chain is transferred vectorially across the membrane bilayer. Proteolytic processing of the
signal sequence from the polypeptide chain is achieved by a peptidase activity located at the outer face of the
membrane. Such processing may occur before synthesis of the protein is complete. The model shows the
existence of a second information signal (stop transfer) located within the protein. As this signal emerges from
the ribosome, it results in a dissociation of the ribosome from the membrane and release of the SRP complex.
Subsequent translation of the mRNA completes the COOH-terminal end of the protein in the cytoplasm, leaving
the protein embedded in a transmembrane fashion with the NH2 terminus facing the lumen and the COOH
terminus facing the cytoplasm.

Experimental evidence to support the exis-
tence of a stop transfer sequence comes from the
study of the i,-chain of IgM. This protein can be
found in two forms; one is secreted and the other
is membrane bound with an orientation analo-
gous to the G protein. The membrane-bound
form is larger than the secreted form, the differ-
ence lying at the COOH-terminal portion of the
molecule: the secreted form has a 20-amino acid,
hydrophilic COOH terminus, whereas the mem-
brane-bound form has a 41-amino acid COOH
terminus containing a hydrophobic membrane
anchor. Both forms are specified by the same
structural gene. The different COOH-terminal

portions are the result of different mRNA splic-
ing events (3, 47, 107, 164). In the context of the
model of membrane protein insertion described
above, we can consider the secreted form of the
>L-chain as being deleted for the stop transfer
sequence. Similar results have been obtained
with the gene coding for the hemagglutinin of the
influenza virus. Deletions constructed in vitro
by use of techniques of recombinant DNA that
remove the COOH-terminal stop transfer se-
quence cause secretion of the truncated protein
into the growth medium (65, 201). Thus, mem-
brane insertion simply requires the presence of
the second export signal. Comparison of the
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presumptive stop transfer signals, i.e., a mem-
brane-spanning sequence present in many mem-
brane proteins, does not really provide any clue
to their molecular function. Moreover, since
most membrane-spanning sequences are fol-
lowed by a stretch of highly charged amino acids
(171), it remains to be shown whether the signal
encompasses the hydrophobic region, the
charged region, or both.

In terms of topology, the G protein, IgM ,u-
chain, and the influenza hemagglutinin are sim-
ple. They span the membrane once with their
NH2 terminus facing out. This topology is clear-
ly not typical of membrane proteins in general.
For example, the erythrocyte anion transport
protein (band III) is oriented in the membrane in
the following manner: a large (-40,000-dalton)
NH2-terminal hydrophilic portion faces the cy-
toplasm (63, 194, 195). The membrane-bound
domain is located at the COOH terminus, and
this domain spans the membrane at least twice
(45, 160, 195, 217). The protein is glycosylated at
a site in the COOH-terminal domain (44, 46,
206). Since the enzymes of protein glycosylation
are located within the organelles of the Palade
pathway, we must assume that this protein is
localized via an intracellular route that is analo-
gous to secreted proteins, VSV G protein, IgM
,u-chains, and the influenza hemagglutinin. Fur-
thermore, the kinetics of band III secretion and
export are similar to that exhibited by the G
protein, and the protein apparently is inserted
into the membrane by a cotranslational mecha-
nism (18, 20). Can the signal hypothesis account
for the topology of band III? The answer is yes;
however, two further assumptions must be
made. First, a signal sequence must be able to
function from an internal location within the
primary structure of a protein. Second, a new
export signal, termed insertion sequence (10),
must be proposed.

Conflicting evidence has been presented con-
cerning the function of an internal signal se-
quence. Much of this evidence relates to ovalbu-
min, a protein which is unusual in terms of
protein localization. This egg white protein is
synthesized and secreted in typical fashion.
However, it is not synthesized in precursor
form; i.e., it does not contain a signal sequence
that is removed by signal peptidase (154). This
result has caused a considerable brouhaha. Does
this exception invalidate the signal hypothesis?
The debate was seemingly quelled when Blobel
and co-workers presented data indicating that
ovalbumin contains an internal signal sequence.
First, they showed that ovalbumin can compete
with preprolactin (a protein containing a typical
signal sequence) for an essential export compo-
nent (120). Next they showed that an internal
proteolytic fragment of ovalbumin could also

compete (119). These results seemed to indicate
an internal signal sequence. However, the last
result remains controversial and might be an
artifact caused by the extremely high concentra-
tions of fragment required to observe competi-
tion. By synchronizing translation and determin-
ing the minimum number of amino acids that
must be synthesized to allow export to initiate,
other investigators have shown that the signal
sequence must lie near the NH2 terminus (20,
126; R. L. Meek, K. A. Walsh and R. Palmiter,
Fed. Proc. 39:1867, 1980). The controversy con-
tinues. Talmadge et al. (202) have placed 18
extra amino acids at the NH2-terminal end of the
signal sequence of preproinsulin without affect-
ing export or processing. This seems to support
the concept of an internal signal sequence. (Al-
though this study was performed with bacteria,
the result is germane; see below.) On the other
hand, evidence obtained from the study of Sind-
bis virus envelope glycoproteins supports the
opposite conclusion. These glycoproteins are
initially part of a precursor polyprotein. The
NH2 terminus of the polyprotein is the soluble
capsid protein. Immediately following is the
glycoprotein, p62. The p62 protein is localized
after proteolytic removal of the capsid protein
by a mechanism analogous to the mechanism
that localizes the VSV G protein. The p62 pro-
tein resembles ovalbumin, however, in that the
signal sequence is not removed (16). Wirth et al.
(218) have isolated a temperature-sensitive mu-
tant in which proteolytic removal of the capsid
protein from the polyprotein is prevented at the
nonpermissive temperature. Under these condi-
tions the p62 signal sequence does not function.
This result implies that internal signal sequences
cannot be recognized by the export machinery.
Thus, the question of internal signal sequences
remains open. If they exist, they may not resem-
ble NH2-terminal signal sequences. The resolu-
tion of these questions awaits mutant analysis.

In addition to the signal sequence and the stop
transfer sequence, a third signal directing mem-
brane protein topology has been proposed and
termed insertion sequence. Such a signal is
thought to cause spontaneous membrane inser-
tion, i.e., without the aid of export machinery
(10). Such sequences are modeled after the
hydrophobic COOH-terminal segment of cyto-
chrome b5 (151). This protein is synthesized on
free polysomes. When the hydrophobic se-
quence emerges from the ribosomes, it parti-
tions spontaneously into the membrane (Y.
Okada, D. Sabatini, and G. Kreibich, J. Cell
Biol. 83:437, 1979). Note that an insertion se-
quence does not drive protein segments through
the membrane; rather, it causes insertion into
the membrane. A functioning internal insertion
sequence has not been documented.
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If these three types of export signal exist (i.e.,
signal sequences, insertion sequences, and stop
transfer sequences) and if these sequences can
function from any location within a protein, then
the signal hypothesis can account for every
conceivable membrane protein topology. All
that is required is to arrange these signals in the
correct linear order starting at the NH2 terminus
(10, 171).

Intracellular Protein Traffic
To this point our discussions of mechanisms

of protein export have focused on the initial
steps in the localization process. What about
subsequent steps? How are proteins transported
from the rough endoplasmic reticulum through
the other organelles of the Palade pathway? It is
generally assumed that the organelles of the
Palade pathway are not physically connected
but communicate with each other by forming
vesicles that bud from one organelle and fuse
with another (153). It is important to note that
this process will not alter the topology of mem-
brane proteins. When a protein is inserted into
the rough endoplasmic reticular membrane with
its COOH terminus facing the cytoplasm, move-
ment through the various organelles by this
budding-fusion process will maintain the cyto-
plasmic location of the COOH terminus. If the
protein is destined for the cytoplasmic mem-
brane, the NH2 terminus will end up facing out.
In other words, the lumen of the endoplasmic
reticulum is topologically equivalent to the
growth medium.
The mechanism of this budding-fusion process

remains somewhat mysterious. The discovery of
clathrin, a 180,000-dalton protein that can form a
regular basket and encapsulate a membrane ves-
icle (156), made clathrin-coated vesicles a likely
candidate for the presumed transport vehicle.
Evidence indicating that the VSV G protein is
transported between organelles within clathrin-
coated vesicles has been presented by Rothman
and Fine (166). How the vesicles bud and fuse
and why transport through the pathway is unidi-
rectional are important questions that cannot yet
be answered.

Sorting Mechanisms
Proteins destined for different cellular loca-

tions are routed through the rough endoplasmic
reticulum. What are the mechanisms that sort
these proteins to the proper cellular compart-
ment? All of the export signals described so far
are involved in getting proteins into or through
the endoplasmic reticular membrane. These ex-
port signals probably will be shared by all pro-
teins that are localized in this manner. Accord-
ingly, yet another set of export signals, i.e.,
sorting signals, must be proposed.

Proteins that are secreted or exposed at the
cell surface, as opposed to cytoplasmic proteins,
are glycosylated. It seemed reasonable, there-
fore, to propose that sorting signals are contained
in the carbohydrate portion of the glycoprotein.
Evidence to support this proposal comes from
the study of lysosomal enzymes. Neufeld and
co-workers recognized that cells from patients
with I-cell disease secrete lysosomal hydrolases.
The enzymes were active; however, they local-
ized incorrectly, leading to the conclusion that
the misdirected hydrolases lacked the correct
sorting signal (80, 173). Sly and co-workers
identified the missing signal, as phosphomanno-
syl residues (58, 104). Furthermore, hydrolases
from patients with I-cell disease have been
shown to lack these residues (76, 77).
However, not all sorting signals can be pre-

sent in carbohydrate moieties. First, not all
secreted proteins are glycosylated, e.g., albu-
min, and second, tunicamycin, a drug that
blocks glycosylation, does not prevent secretion
of several different proteins nor does it prevent
protein export to the yeast vacuole (1%, 197)
nor does it block export of the VSV G protein
(66). Tunicamycin does, however, affect the
localization of many proteins (121). It may do so
simply by altering protein conformation. Inter-
estingly, mutations that prevent localization but
not synthesis (9, 136, 223) are relatively common
(compare with similar mutations in procaryotic
systems; see below). In all cases except for a
mutation in the VSV G protein, the mutant
protein accumulates in the endoplasmic reticu-
lum, possibly because the sorting signals are not
contained in the primary linear sequence but
rather in conformational or tertiary sequences.
Thus, any mutation or any treatment such as
tunicamycin that alters conformation may pre-
vent movement from the endoplasmic reticulum.
If true, the effect will complicate genetic analy-
sis of\ sorting sequences. In the case of the
mutant VSV G protein, accumulation occurs in
the Golgi. This mutant protein is different from
the wild type in that it does not contain covalent-
ly attached fatty acids (223). This finding raises
the possibility that novel posttranslational modi-
fications may be involved in sorting.
Posttranslational Import: a Second Mechanism
Not all proteins that are localized to intracel-

lular organelles are routed through the Palade
pathway. Proteins specified by nuclear DNA
destined for localization in mitochondria, or
chloroplasts in plants, and proteins destined for
peroxisomes are localized by a mechanism dif-
ferent from that seen with the rough endoplas-
mic reticulum. This was first demonstrated with
the chloroplast protein ribulose-1,5-bis-phos-
phate carboxylase (29, 43, 82). These investiga-
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tors showed that the protein is synthesized in
precursor form by soluble ribosomes. It is post-
translationally taken up by chloroplasts, and the
precursor is processed proteolytically during or
immediately after import. The precursor con-
tains an NH2-terminal peptide extension of 44
amino acids that presumably functions as the
uptake signal (179). Similar results have now
been obtained for many different chloroplast and
mitochondrial proteins (for review, see refer-
ences 112, 139, 175).
The mitochondrion contains four distinct cel-

lular compartments: the aqueous interior or ma-
trix, an inner membrane, an outer membrane,
and an intermembrane space. Generally, pro-
teins destined for the matrix or the inner mem-
brane are synthesized initially in larger precur-
sor form with a peptide extension at the NH2
terminus. (There are, of course, exceptions; see
reference 224.) This extension, which presum-
ably contains export information, is usually
much longer than the signal sequence of proteins
routed through the endoplasmic reticulum (139).
The precursor molecule binds to the exterior
surface, i.e., cytoplasmic face, of the outer
mitochondrial membrane (79) and is then trans-
located to the correct cellular location by a

mechanism that utilizes energy provided by the
electrochemical potential existing across the in-
ner mitochondrial membrane (64, 178). During
the transport process, the precursor is processed
by a protease that is located in the matrix (15,
125, 135).
Apparently, protein import to the mitochon-

drial intermembrane space can occur by several
mechanisms. Cytochrome b2, for example, is
first made in a larger precursor form which is
taken up by mitochondria via a mechanism
similar to that described above for inner mem-
brane proteins. Cleavage by the matrix process-
ing enzyme yields an intermediate form, located
in the inner membrane. This intermediate is then
cleaved by a second processing enzyme to re-
lease the final soluble product into the inter-
membrane space (39, 64). On the other hand,
cytochrome c is not made in precursor form
(225, 226); its import does not require an ener-
gized inner membrane, and the information for
localization to the intermembrane space lies in
the COOH-terminal third of the apoprotein
(124). To complete the picture, localization of
proteins to the outer mitochondrial membrane
appears to occur by a mechanism similar to that
described for cytochrome c; i.e., it occurs with-
out requiring either processing or energy (62).

Posttranslational import of proteins into the
mitochondrial compartments has been convinc-
ingly demonstrated both in vivo and in vitro.
There is little doubt that import into this organ-
elle can occur posttranslationally. A straightfor-

ward prediction of this posttranslational mecha-
nism is that a pool of mitochondrial protein
precursors should be detectable in the cyto-
plasm. This seems to be the case in Neurospora
crassa (75); however, identification of such a
pool has proven to be difficult in yeast because
precursor pools can only be clearly shown with
rho- cells (contain a large deletion of mitochon-
drial DNA rendering them nonfunctional) in the
presence of the energy uncoupler carbonyl cya-
nide m-chlorophenylhydrazone (163). Apparent-
ly, in yeast, proteins are imported into the
mitochondria as fast as they are synthesized.
The question arises, Is posttranslational import
obligatory? Since many mitochondrial proteins,
especially those destined for the matrix or the
inner membrane, are synthesized initially with
an NH2-terminal peptide extension that presum-
ably contains import information, the possibility
of cotranslational import certainly exists. In-
deed, numerous investigators have reported the
presence of cytoplasmic ribosomes bound to the
mitochondrial surface (2, 199). These results are
probably not artifactual since the bound poly-
somes are enriched for mRNAs specifying mito-
chondrial proteins. Rather, these ribosomes
probably are synthesizing proteins that are im-
ported cotranslationally into mitochondria.
The results described above have fueled a

controversy: Can protein import into mitochon-
dria occur cotranslationally? As is discussed in a
following section, a similar controversy en-
shrouds protein export in bacteria. These ques-
tions may well be moot.
To illustrate this point, let us consider the

extreme examples of obligatory co- and post-
translational mechanisms of protein localization.
If a protein is localized by an obligatory post-
translational mechanism, it follows that the en-
tire protein or precursor is required for recogni-
tion by the export machinery. This could occur,
for example, if the recognition signal was a
COOH-terminal sequence or some feature of the
three-dimensional protein structure that resulted
from the folding of the complete polypeptide.
Any mutation or treatment that prematurely
stops synthesis would be predicted to prevent
formation of the signal and thus export initia-
tion. On the other hand, if a protein is localized
by an obligatory cotranslational mechanism, the
signals that initiate export must be present in an
incomplete polypeptide chain and thus be locat-
ed at or near the NH2 terminus. In this case,
mutations or treatments that prematurely stop
synthesis would not be expected to prevent
export. Furthermore, if synthesis is completed
before export begins, then the protein or precur-
sor may assume a conformation that buries the
export signals, thus blocking localization. For
protein export via the Palade pathway, the
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mechanism involving SRP would specifically
prevent this from occurring by halting transla-
tion until export begins (Fig. 1).
However, many proteins probably fall be-

tween these extremes and can be exported by
either co- or posttranslational mechanisms. For
instance, a protein normally exported by a co-

translational mechanism may assume, after syn-
thesis, a conformation in which the export sig-
nals are still accessible, and thus export could
still occur. Conversely, a protein normally ex-

ported by a posttranslational mechanism may
contain export signals at the NH2 terminus, and
thus export could initiate before synthesis is
complete. Since the experimental conditions im-
posed by the investigator on the physiological
state of the living cell can affect the relative rates
of protein synthesis and export, the export of a
particular protein may occur either during or
after synthesis, depending on the conditions.
The machinery responsible for protein import
into mitochondria, for example, may well be
able to do both. In this view, only proteins with
the structural constraints described in the pre-
ceding paragraph would show an absolute bias
toward a particular export pathway.

PROTEIN LOCALIZATION IN E. COLU
E. coli is a primitive organism when compared

with an animal cell. Basically, this bacterium is
cytoplasm surrounded by three concentric enve-
lope layers: an inner (cytoplasmic) membrane, a

peptidoglycan cell wall, and an outer membrane.
These layers define three noncytoplasmic com-
partments: the inner and outer membranes and
an aqueous space between these two mem-
branes called the periplasm. Intracellular organ-
elles are absent. Considering that organelles
play critical roles in protein export in eucaryotic
cells, the proposal that E. coli and animal cells
use similar mechanisms of protein localization
may seem far-fetched. However, experimental
evidence supports this claim. For example, in-
tragenic information specifying export and proc-
essing in a eucaryotic gene (ovalbumin, insulin)
can be recognized by E. coli and vice versa
(alkaline phosphatase, PhoA; P-lactamase, BNa)
(60, 137, 165, 203).
For the most part, studies of protein localiza-

tion in E. coli have focused on a relatively small
number of key proteins. The relevant character-
istics and properties of these proteins are sum-
marized in Table 1. Many of these proteins are
known by several different names. To avoid
confusion, we will use a similar abbreviation for
both the protein and the structural gene; e.g.,
the lamB gene codes for the LamB protein.

Subcellular Fractionation
Reliable methods of subcellular fractionation

are required for the analysis of bacterial protein
localization. Since many of the experimental
results described below are based on cellular
fractionation, we will briefly describe the com-
monly used methods and their limitations.

TABLE 1. Commonly studied exported protein in E. coi'P

Protein Structural Regulation Mutant Cellular location Topology

LamB (X lamB Maltose inducible XT Dex- Outer membrane Transmembrane COOH
receptor) terminus facing out

OmpA (3a,II) ompA Constitutive K3'TuII*r Coir Outer membrane Transmembrane COOH
Con- terminus facing in
EDTAS

Lpp (lipopro- Ipp Constitutive Resistance to Outer membrane Integral COOH termi-
tein) globomycin nus facing in

MalE (maltose- malE Maltose inducible Mal- Periplasm
binding pro-
tein)

PhoA (alkaline phoA Phosphate re- XPb Periplasni
phosphatase) pressible

Bla (TEM-1 1B- bla Constitutive Aps Periplasm
lactamase)

fl or M13 ma- Gene VIII Defective Inner membrane Transmembrane COOH
jor coat phage terminus facing in

fl or M13 mi- Gene III Defective Inner membrane Transmembrane COOH
nor coat phage terminus facing in
a This compilation was obtained from many different sources. For recent reviews, see references 42, 73, 83,

129, 150. Phenotypes are abbreviated as follows: Dex, growth on maltodextrin; ColL, colicin L; Con,
conjugation; Mal, growth on maltose; Ap, ampicillin; r, resistance; s, sensitive.

b Enzyme activity can be detected with the sensitive indicator bromo-chloro-indolylphosphate (XP).
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Centrifugation allows the division of a bacteri-
al lysate into two fractions, a pellet which is
composed of the bacterial cell envelope contain-
ing the inner membrane, outer membrane, and
cell wall components and a supernatant contain-
ing cytoplasmic and periplasmic components.
The degree of contamination of each fraction
with the other is relatively low if the lysate is
subjected to high centrifugal forces, i.e., 100,000
x g.

Several methods for separating the two bacte-
rial membranes are used (31, 59, 96, 103, 148,
149, 180). In general, cells are converted to
spheroplasts by treatment with lysozyme or
lysozyme-EDTA and then lysed by osmotic
shock, sonication, French press, or detergent.
The membranes are collected by centrifugation
(100,000 x g), washed, and then separated into
inner and outer membrane fractions by isopyc-
nic centrifugation in a sucrose gradient (149), by
electrophoresis (103), or by selective detergent
solubilization (57, 181).
Once cells are broken, cytoplasmic compo-

nents cannot be distinguished from periplasmic
components because both are soluble. To sepa-
rate the components of these two cellular com-
partments, one must remove or alter the outer
membrane and cell wall without disrupting the
inner membrane. Usually this is accomplished
by spheroplasting or controlled osmotic shock
(138). These methods release periplasmic com-
ponents, whereas cytoplasmic components re-
main associated with the cell.

All of these methods rely on a controlled
disruption of the bacterial cell to yield fractions
enriched for a specific cellular compartment.
The conditions for this type of cellular fraction-
ation have been empirically determined. Often
these procedures do not work properly when
applied to an altered bacterial system. Conse-
quently, one must be cautious about drawing
conclusions concerning the location of a particu-
lar protein whenever the system is perturbed by
unusual environmental conditions, mutation, or
adverse treatments such as irradiation or phage
infections (32, 95, 109).
To avoid fractionation artifacts, several tech-

niques have been devised that exploit the selec-
tive permeability of the various envelope layers.
Since the outer membrane is impermeable to
large water-soluble molecules such as proteases,
antibodies, and bacteriophages, these agents can
be used in conjunction with fluorescence or
electron microscopy to localize proteins to the
cell surface (8, 169). Moreover, by selectively
disrupting the outer membrane permeability bar-
rier with EDTA, many of these methods can be
expanded to include all proteins that are local-
ized outside the cytoplasm (95). Finally, some
chemical agents can cross the outer but not the

inner membrane. These agents have been used
to selectively label proteins exposed outside of
the cytoplasm (192). Because these methods
cause little or no cell damage, the possibility of
experimentally induced artifact is greatly dimin-
ished.

Membrane-Bound Ribosomes
The success of Palade and co-workers in

demonstrating the involvement of membrane-
bound ribosomes in protein localization in eu-
caryotic cells prompted many similar studies
with E. coli. For years, the results of these
studies were controversial because membrane-
bound and free polysomes could not be distin-
guished adequately by electron microscopy of
thin sections of E. coli. The cytoplasmic popula-
tion of ribosomes is too dense. This high concen-
tration of ribosomes also confuses experiments
based on biochemical fractionation. Membrane
fractions always contain ribosomes; however,
their presence may be the result of artificial
trapping (40).
A functional attachment of ribosomes to E.

coli membranes was first suggested by the ex-
periments of Cancedda and Schlessinger (24).
These authors showed that a periplasmic en-
zyme (Bla) is synthesized preferentially by
membrane-bound ribosomes relative to a cyto-
plasmic enzyme, ,-galactosidase. These results
were strengthened and extended by Randall and
Hardy (159), who provided convincing evidence
that membrane-bound ribosomes were involved
in the synthesis of both periplasmic (e.g., MalE)
and outer membrane (e.g., LamB) proteins.
The most convincing evidence to support the

involvement of membrane-bound ribosomes in
protein export comes from the work of Smith et
al. (192). These investigators designed an elegant
experiment to demonstrate directly that the
NH2-terminal end of a growing polypeptide
chain protrudes through and is exposed at the
outer face of the cytoplasmic membrane. Using
spheroplasts, they showed that nascent chains
of the periplasmic enzyme PhoA could be la-
beled with reagents that do not penetrate the
cytoplasmic membrane.

Recently, Smith (190) developed an in vitro
system for protein export that is analogous to
the one developed for eucaryotic cells by Blobel
and Dobberstein (11, 12). Smith's system uti-
lizes inside-out inner membrane vesicles. He has
shown that, if these inverted vesicles are treated
with protease, they lose their ability to transport
and process exported proteins. This experiment
suggests the presence of an inner membrane
protein(s), exposed on the cytoplasmic face of
the membrane, that is required for protein ex-
port. Presumably this protein(s) is a component
of the cellular protein export machinery.
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All of the experimental results described in
this section conform to predictions-of the signal
hypothesis. Proteins destined for export to the
periplasm or the outer membrane are synthe-
sized by membrane-bound ribosomes and export
occurs by a cotranslational mechanism. The
cytoplasmic membrane of E. coli is functionally
analogous to the rough endoplasmic reticulum
with respect to protein localization.

Precursors of Exported Proteins
In general, four methods have been used in

bacterial systems to demonstrate precursor
forms of exported proteins. First, in some cases,
proteolytic removal of the signal sequence oc-
curs posttranslationally, i.e., after synthesis of
the protein is complete (Bla) (108). Some pro-
teins are processed both co- and posttranslation-
ally (MalE, LamB) (101, 102). For these pro-
teins, precursor can be detected in whole cells
by pulse-labeling and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. However,
other proteins are processed before synthesis is
complete. Thus, the precursor form cannot be
detected in whole cells (ampC-encoded 1-lacta-
mase) (102).
The second and perhaps the most reliable

method for detecting a precursor form is to use
an in vitro protein-synthesizing system. If a
transducing phage or a plasmid containing the
cloned structural gene is available, a DNA-
dependent system can be used (PhoA) (88).
Alternatively, membrane-bound polysomes can
be isolated and the translation products can be
examined (MalE, LamB) (102).
A third method for detecting precursors in-

volves the use of mini- or maxicells. Minicells
are E. coli mutants (minA) defective in cell
division. At some frequency, cell division oc-
curs asymmetrically, causing the formation of
small cells that do not contain a chromosome
(61). If the mutant strain contains a multicopy
plasmid, such as pBR322, the defective cell
division will form minicells that contain plas-
mids but no chromosome. Thus only plasmid-
encoded proteins will be synthesized. Maxicells
are recA strains that have been irradiated by
UV. The damage caused by irradiation cannot
be repaired in recA strains and the chromosome
is destroyed (172). Since plasmids such as
pBR322 are small and are present at high copy
number, many escape damage and destruction.
Consequently, only plasmid-encoded proteins
are synthesized. Defective processing is general-
ly observed with both mini- and maxicells. For
example, Bla, which is specified by a gene on
pBR322, accumulates in precursor form in both
systems. Similarly, the precursor form can be
detected in UV-irradiated cells infected with
transducing phages (108). Although the reasons

for precursor accumulation with these systems
are not clear, the likelihood is that protein
synthesis proceeds at a rate exceeding the ex-
port capacity of these defective or damaged
cells.
A final method for detecting precursors uses

one of a variety of different inhibitors. Agents
that alter membrane fluidity, such as phenyl-
ethyl alcohol (69) or procaine (115), or growth
of a fatty acid auxotroph in the presence of
eliadate (41, 152) can cause precursor accumula-
tion. The mechanism by which this occurs is
unknown. However, these agents do not cause
general precursor accumulation. Differential
sensitivities are often observed. In a similar
vein, precursors can be detected in cells treated
with energy uncouplers such as carbonyl cya-
nide m-chlorophenylhydrazone or dinitrophenol
(33, 36, 38, 155) or, more significantly, in mutant
cells defective in ATPase and deprived of oxy-
gen (56). Unlike membrane perturbants, energy
deprivation appears to cause a general defect in
protein export. Although these results indicate
that proton motive force is required, they offer
no insight into the nature of this requirement.
Numerous precursors for periplasmic and out-

er membrane proteins have been identified, and
many of them have been submitted to DNA or
amino acid sequence analysis or both. In all
cases, the precursor contains a peptide exten-
sion at the NH2-terminal end, i.e., a signal
sequence (for review, see reference 129). In-
deed, despite reports to the contrary (1), all
characterized periplasmic and outer membrane
proteins contain an NH2-terminal signal se-
quence that is removed during the export proc-
ess.

In contrast, inner membrane proteins present
a more complicated picture with respect to NH2-
terminal signal sequences. The major and minor
fl (M13) coat proteins, which are transiently
found in the inner membrane, are synthesized
initially in precursor form with a typical signal
sequence (174, 198). In addition, two inner mem-
brane penicillin-binding proteins, PB5 and PB6,
(158), two inner membrane lipoproteins (86), and
an inner membrane protein, Tsr, that is a com-
ponent of the serine chemoreceptor (17) are
apparently made in precursor form as well.
However, the lactose permease (LacY [48]), the
histidine permease (HisP [81]), and two subunits
(b and c) of the Fo complex of ATPase (140) are
not made in precursor form. These proteins may
contain a signal sequence which is not removed.
A second possibility is that they may not be
cotranslationally inserted into the membrane.
These proteins are highly hydrophobic, and they
may simply partition into the membrane after
synthesis is complete. Viewed in terms of the
signal hypothesis, these proteins may contain
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insertion sequences rather than signal se-
quences. Remember, insertion sequences can-
not drive hydrophilic protein domains through
the membrane; they result simply in insertion.
Thus, the signal hypothesis predicts that these
proteins, even though they may span the bilayer,
will not contain a large hydrophilic domain on
the outside face of the membrane. A third possi-
bility is that these proteins are exported by a
different mechanism. Clearly more work is re-

quired to ansawer these questions.
Signal Sequence Processing

An enzymatic activity that correctly proces-
ses the ft (M13) major coat protein has been
identified and localized to the membrane frac-
tion of E. coli (26, 123). This enzymatic activity,
termed leader (signal) peptidase, has been puri-
fied and shown to correctly process the precur-
sor coat protein (228). The endopeptidase also
processes the precursor forms of several other
exported proteins in vitro (220, 227). By screen-
ing a library of cloned E. coli DNA, Date and
Wickner (37) identified a plasmid that causes a
marked overproduction of leader peptidase.
With the use of techniques of recombinant
DNA, a plasmid has been constructed in which
the cloned gene has been placed under the
control of a bacteriophage promoter, Pr.
Strains containing this plasmid overproduce
leader peptidase 75-fold. Purification of the en-
zyme activity yields a protein of 37,000 daltons
(220).
DNA sequence analysis indicates that the

gene specifying leader peptidase is located in an
operon downstream from an open reading frame
that would specify a protein of 72,000 molecular
weight. Preliminary genetic analysis indicates
that this operon maps at 55 min on the E. coli
chromosome. Moreover, it appears that the gene
specifying leader peptidase is essential (35). Al-
though the function of the 72,000-dalton protein
is not known, it seems reasonable to propose
that this protein is a component of the export
machinery as well. The availability of a plasmid
containing these structural genes should permit
the isolation of mutants, and we can anticipate
that this question will soon be answered.
The precise cellular location of leader pepti-

dase is not clear. Genetic studies described
below demonstrate that the processing activity
is located outside of the cytoplasmic membrane.
There is general agreement that the enzyme is
bound to the membrane. However, one group
has reported that the enzyme is localized to both
the inner and outer membranes (123). Since it is
unusual for an exported protein to be found in
more than one cellular location, these results
should be classified as tentative until more con-
vincing fractionation data are presented.

Posttranslational Modifications
As described above, most eucaryotic proteins

that are exported from the cytoplasm through
the Palade pathway are glycoproteins. As such,
they are extensively modified. E. coli produces
no glycoproteins. Nevertheless, a variety of
posttranslational modifications have been de-
scribed. Perhaps the most extensively modified
protein in E. coli is the outer membrane protein,
lipoprotein (Lpp).
The complete covalent structure of mature

Lpp was elucidated by Braun and co-workers
(for review, see reference 21). The NH2-terminal
residue is cysteine. To this residue, a diglyceride
is attached by thioether linkage and a fatty acid
is attached by amide linkage. The COOH-termi-
nal lysine residue is covalently linked by the E-
amino group to peptidoglycan to form the bound
form of the protein. This form comprises ca.
one-third of the total cellular amount of Lpp.
Finally, Lpp, like other outer membrane pro-
teins, is synthesized initially in precursor form
with a typical signal sequence at the NH2-
terminal end (92). Clearly these modifications
require a variety of modifying enzymes and a
series of biochemical reactions.

Insight into the temporal order of the modifi-
cation pathway came with the discovery of the
antibiotic globomycin. This agent prevents pro-
teolytic removal of the Lpp signal sequence. It
does not, however, prevent formation of the
thioetherdiglyceride (84). Recent evidence
shows that signal sequence processing requires
prior formation of Lpp diglyceride (85). Most
exported proteins are processed without such a
modification, and globomycin does not inhibit
processing of most exported proteins. Indeed,
precursor Lpp, either modified or not, is not
processed by leader peptidase (204). Finally,
Yamagata et al. (222) have isolated a mutation
that exhibits a temperature-sensitive processing
activity for Lpp but not for other proteins. The
mutation lies outside the lpp structural gene.
These data strongly suggest that E. coli contains
more than a single signal sequence processing
enzyme.
Lpp is not unique; E. coli produces several

other proteins localized to the inner and outer
membrane that are modified in a similar manner
(86). Moreover, the membrane-bound form of
penicillinase in Bacillus licheniformis is also
modified, as described previously (114).
Posttranslational Export, the Membrane Trigger

Hypothesis
Eucaryotic cells can use a posttranslational

export mechanism for localization to certain
organelles. In view of the pronounced similarity
between procaryotic and eucaryotic organisms
with respect to protein localization, finding that

VOL. 47, 1983



324 SILHAVY, BENSON, AND EMR

E. coli also uses a posttranslational mechanism
would not be surprising. Indeed, a considerable
amount of experimental evidence has been pre-
sented to indicate that protein export in E. coli
can occur posttranslationally. Much of this evi-
dence comes from studies with the fl (M13)
major coat protein.
The major coat protein exists transiently in

the inner membrane before its incorporation into
phage heads. When present in the inner mem-
brane, it assumes a topology similar to that of
the VSV G protein: it spans the membrane once
and its NH2 terminus faces out (214). 1In almost
all respects, this protein is the procaryotic
equivalent of a eucaryotic viral glycoprotein.
The mechanism of coat protein export is con-

troversial. Experimental evidence suggests both
a cotranslational (26, 27) and a posttranslational
(216) mechanism. Recently, Watts et al. (212)
have reconstituted a purified- preparation of
leader peptidase into vesicles composed of E.
coli phospholipids. They demonstrated that
these vesicles could bind, process, and correctly
insert radiochemically pure precursor coat pro-
tein (189) into the bilayer. These results indicate
a posttranslational export mechanism. Further-
more, they suggest that leader peptidase is the
only cellular component required for coat pro-
tein localization.
To account for the apparent posttranslational

export mechanism of coat protein, Wickner
(215) has proposed a model for protein localiza-
tion, called the membrane trigger hypothesis,
which is distinctly different from the signal hy-
pothesis. According to this model, the signal
sequence promotes the folding of the completed
precursor into a soluble export-competent con-
formation. Exposure to a hydrophobic environ-
ment triggers a conformational change in the
protein that allows spontaneous membrane in-
sertion. Cleavage of the signal sequence would
drive the reaction and make it irreversible. In a
recent review, Wickner (216) has applied this
model to the export of numerous other proteins.

Further support for a posttranslational export
mechanism has come from studies with Bla. As
stated earlier, this protein is processed post-
translationally. Using a transducing phage and
UV-irradiated cells of Salmonella typhimurium,
Koshland and Botstein (108) presented data to
suggest that the complete precursor protein is
synthesized in the cytoplasm before export from
the cytoplasm.

Despite the evidence described above, many
troubling issues concernig posttranslational ex-
port in bacteria remain unresolved. First, ex-
perimental demonstration of posttranslational
export in vitro is not straightforward. With con-
ventional in vitro systems in E. coli, coat protein
synthesis cannot be stopped too long before

addition of membrane vesicles, or export is not
observed. Vesicles must be added within min-
utes to get efficient export. Indeed, Wickner and
co-workers usually add vesicles during synthesis
in most of their experiments (68, 212). This is in
marked contrast to the posttranslational export
observed in eucaryotic cells. Second, clear ex-
amples of cotranslational export in E. coli have
been presented. The signal sequence of these
proteins is quite similar to the signal sequences
of coat protein and Bla (Fig. 2). This again is in
contrast to results with eucaryotic cells. In this
case, the cleaved posttranslational iXport signal
is quite different from a signal sequence (179). It
seems odd that signal sequences that are so
similar would have different functons in differ-
ent export mechanisms. Indeed, in the case of
Bla, studies in a eucaryotic in vitro system
showed that the protein is exported by an SRP-
dependent cotranslational mechanism (137). It is
cunous that SRP would recognize a posttransla-
tional export signal.
The essential feature of the membrane trigger

hypothesis is protein conformation. The model
requires that the protein be synthesized in com-
plete form and that it assume a specific confor-
mation in the cytoplasm before export. There-
fore, any mutation that alters this spcific
conformation should be export defective. In the
case of Bla, hundreds of mutations mappi
throughout the gene have been isolated. Never-
theless, only those that alter the signal sequence
prevent export from the cytoplasm (108, 110).
Moreover, when the insulin signal sequence is
replaced with the Bla signal sequence,;proces-
sing and export of insulin to the peripasm still
occur (203). A eucaryotic protein that is export-
ed cotranslationally probably would not coain
structural information that directs the correct
conformation for posttranslational export in bac-
teria.

It is difficult to meld all of these data and
propose a unifying model. One possible explana-
tion is that export and synthesis are not as
tightly coupled in procaryotic cells as in eucary-
otic cells for export by the endoplasmic reticu-
lum. Accordingly, a fraction of. al exported
proteins in bacteria may be exported posttrans-
lationally by the cotranslational export machin-
ery, perhaps in a manner analogous to mitochon-
drial protein import in eucaryotic cells. The
fraction could vary from high to low depending
on the particular protein. This possibilty may be
particularly relevant with in vitro systems or
systems utilizing damaged cells since under
these conditions a coupling factor that normally
functions in vivo may be absent or defetive.
For Bla, this explnation seems reasonable; for
coat protein, the experiments of Watts et al.
(212), using purified components, are in conflict.
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FIG. 2. The amino acids of the signal sequences for the proteins listed in Table 1 are shown. These include the
major coat protein of fl or M13 phage, which is located in the inner membrane (198); the periplasmic proteins
PhoA (87), Bla (200), and MalE (6); and the outer membrane proteins Lpp (92) and LamB (78). The ( I ) above
each of the sequences indicates the processing site. The R group. above the last cysteine residue of the Lpp
sequence designates the thioetherdiglyceride which is present on the mature protein (21). Specific mutational
changes within the signal sequences are shown below each of the wild-type sequences. Mutations that are
designated by (I) block localization of the protein, causing a null phenotype; mutations that are designated by
(0) have a less pronounced effect. Deletions are shown by a box; mutations that prevent translation are
designated by an asterisk. See the text for a complete description of the phenotypes conferred by each of these
mutations.
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Cotranslational export requires a cellular export
machinery. Even if a protein is exported post-
translationally via this pathway, the export ma-
chinery would still be required. The experiments
with coat protein suggest that no such machin-
ery is required.
Although strongly suggestive, the experi-

ments of Watts et al. (212) cannot be regarded as
conclusive. Neither the preparation of leader
peptidase nor that of precursor coat protein was
chemically pure. The reconstituted vesicles con-
tained demonstrable amounts of detergent and,
in addition, correct insertion of the protein intd
the bilayer was inefficient. Finally, the coat
protein is not a typical membrane protein; it
exists in the membrane transiently. The protein
also functions in the phage coat, where it almost
certainly plays a role in phage infection. Accord-
ingly, it, like its viral glycoprotein counterparts,
may promote fusion of the virus with lipid
bilayers (213). If the coat protein has such
properties, in vitro studies may yield confusing
results.

GENETIC ANALYSIS OF PROTEIN EXPORT
The most straightforward genetic approach to

the study of protein localization is to isolate a
number of export-defective mutants. Analysis of
these mutations should reveal the nature and
location of intragenic information specifying ex-
port, define cellular components of the export
machinery, and shed light on their mechanistic
roles. Although this approach is conceptually
simple, it is technically difficult. The fundamen-
tal problem underlying this difficulty is that there
is no phenotypic difference between a mutation
that prevents export and a mutation that pre-
vents synthesis. Both mutations will confer a
null phenotype. In the absence of a selectable or
scorable phenotype, one is faced with the neces-
sity of using a brute-force biochemical screen.
For example, one might screen a population of
mutants that exhibit a null phenotype for those
in which accumulation of precursor can be de-
tected. However, besides being labor intensive
and time-consuming, historically this approach
has not been successful. With very few excep-
tions, none of the thousands of mutations that
are known to cause a null phenotype for an
exported protein affect the signal sequence or
cause a block in export.
One of-the most notable exceptions to this

statement is Lpp. This protein, because of its
abundance and its small size, is biochemically
the best characterized membrane protein in E.
coli. These studies, however, did not shed much
light on its possible function. Accordingly, con-
siderable effort was directed towards mutant
isolation. Wu and Lin (221) used a "suicide"
selection based on the exclusive biosynthesis of

Lpp in the absence of three amino acids not
found in the protein. One of the mutants ob-
tained in this manner lacked the diglyceride
modification, and consequently the signal se-
quence was not removed. Subsequent analysis
revealed a missense mutation that changed gly-
cine at position 14 of the signal sequence to
aspartic acid (Fig. 2). Despite this alteration,
protein export to the outer membrane still oc-
curs (116). Why this selection yielded this partic-
ular mutation is not clear. Nevertheless, it repre-
sents the first example of a signal sequence
mutation. These results demonstrate that none
of the posttranslation processing reactions ob-
served with Lpp, including removal of the signal
sequence, are required for export to the outer
membrane.

In the absence of a direct selection for export-
defective mutants, a second approach, aimed at
defining intragenic export components, has been
taken. This approach utilizes a series of non-
sense mutations located throughout the gene.
This series of chain-terminating mutations pro-
duces a collection of truncated polypeptides of
various lengths. By determining the cellular lo-
cation of the truncated peptide with specific
antisera, the site of intragenic export informa-
tion can be defined. This approach has been
applied with some success.
Two malE nonsense mutations have been

studied in detail (95). One produces a peptide
that is 90% complete. This protein is processed
and exported to the periplasm as evidenced by
the fact that it is released by cold osmotic shock.
The second mutation produces a peptide one-
third the length of wild-type MalE. This peptide
is processed, but is not released by osmotic
shock. It is, however, exported from the cyto-
plasm, as shown by finding that the fragment is
sensitive to externally added trypsin. These re-
sults demonstrate that the COOH-terminal two-
thirds of MalE is not required for either export
from the cytoplasm or processing.
Koshland and Botstein (108) obtained similar

results with Bla. They did not find any peptides
that were released by osmotic shock, although
all were processed. Originally this finding was
interpreted to indicate that the peptides re-
mained in the cytoplasm. However, subsequent
experiments with externally added trypsin dem-
onstrated that the peptides are outside of the
cytoplasm (110). Here again, the COOH-termi-
nal portion of the protein is not required for
export.
The advent of recombinant DNA technology

permitted the application ofa related experimen-
tal approach that also results in the production
of truncated peptides. Once the gene for an
exported protein has been cloned, portions of
the gene coding for the COOH-terminal end of
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the protein can be removed by using restriction
enzymes. This approach has been extensively
applied with the outer membrane protein OmpA
(22, 23). The mature protein contains 325 amino
acids. Only the 193 amino acids at the NH2-
terminal end are required for export from the
cytoplasm and for stable incorporation into the
outer membrane. What is remarkable is the fact
that these 193 amino acids are functional. This
truncated peptide complements all of the ompA
phenotypes except EDTA sensitivity (Table 1).
In contrast, a peptide of 133 amino acids is
nonfunctional and very unstable. The produc-
tion of truncated proteins has also been used to
study export of the fl gene III protein (13). Here
again, the COOH-terminal portion of the protein
was found not to be required for export from the
cytoplasm. However, deletions were found that
altered the cellular location of the truncated
peptide. These results shed light on intragenic
export information and are discussed further
below.
The results with OmpA emphasize the prob-

lems associated with approaches that utilize
nonsense fragments or COOH-terminal dele-
tions. Both techniques suffer from the same
limitations. First, truncated peptides are often
very unstable, and second, short fragments are
likely to be nonfunctional and may not cross-
react with antisera. Although the results that
have been obtained demonstrate that export
information must lie at the NH2-terminal end of
the protein, the inherent limitations of this ap-
proach preclude precise genetic analysis.

Application of Gene Fusion Technology
A solution to the inherent problems associated

with truncated peptides came with the applica-
tion of gene fusion technology. This technique
allows one to specifically label NH2-terminal
fragments of an envelope protein with a marker
that is stable and simple to assay. Beckwith and
co-workers exploited the sophistication of lac
genetics and the unusual properties of the cyto-
plasmic enzynre P-galactosidase to develop
techniques that allow fusion of lacZ (codes for
P-galactosidase) to any gene in E. coli (25; for
review, see T. J. Silhavy and J. Beckwith,
Methods Enzymol., in press and G. M. Wein-
stock, M. L. Berman, and T. J. Silhavy, in T. S.
Papas, M. Rosenberg, and J. Chirikjian, ed.,
Expression of Cloned Genes in Procaryotic and
Eucaryotic Vectors, in press). Such fusions
specify a hybrid protein composed of an NH2-
terminal sequence from the target gene product
and a large, functional COOH-terminal portion
of ,-galactosidase (Fig. 3). By constructing a
series of fusions differing only in the amount of
target gene DNA contained in the hybrid gene
and determining the cellular location of the

hybrid protein that is produced, investigators
have been able to more accurately define the
location of intragenic export information.
Gene fusion technology has been applied ex-

tensively to study the localization of two peri-
plasmic proteins, MalE (5) and PhoA (129, 130),
and the outer membrane protein LamB (72, 186,
188). To a lesser extent, the technique has also
been used to study export of the inner mem-
brane protein MalF (184, 186, 187) and the outer
membrane protein OmpF (73).

Results with gene fusions show a clear pat-
tern. Fusions constructed so as to contain a
substantial portion of a gene specifying a noncy-
toplasmic protein produce a hybrid protein that
is exported, at least to some degree, from the
cytoplasm. Conversely, fusions that contain
only a small portion of a gene specifying an
exported protein produce a hybrid protein that
remains in the cytoplasm. This result demon-
strates that export information is contained
within the structural gene, and it indicates that
the information must lie at a position corre-
sponding to the NH2-terminal end of the protein.
With the use of gene fusions, it has been

shown that P-galactosidase can be exported to
both an inner and an outer membrane location.
However, it has not been possible to put 1B-
galactosidase into the periplasm. Even fusions
that contain nearly all of the gene coding for a
periplasmic protein produce a hybrid protein
that remains stuck in the cytoplasmic mem-
brane. Apparently, 1-galactosidase contains
amino acid sequences that are incompatible with
passage through the membrane. Attempted ex-
port of ,B-galactosidase to the periplasm jams
export sites, causing the intracellular accumula-
tion of precursors of other exported proteins
(129, 186).
That f-galactosidase sequences can be ex-

ported to the inner or outer membrane but not to
the periplasm is significant. It suggests that,
although export of periplasmic and membrane
proteins may be similar in the early stages, the
export pathways diverge before completion.
Genes that specify membrane proteins may con-
tain additional export information (i.e., stop
transfer sequences) that halts vectorial transfer
before synthesis is complete (see Fig. 1), thus
preventing 1-galactosidase sequences from en-
tering the membrane. If true, then one should be
able to fuse the lacZ gene to a gene coding for
membrane protein such that information speci-
fying export initiation, but not stop transfer, is
present. Such a fusion should produce a hybrid
protein that is exported in a manner similar to
that described for periplasmic proteins. In fact,
studies have shown that lamB-lacZ fusions that
contain -60% (codes for the signal sequence
plus 241 amino acids) of the lamB gene produce
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FIG. 3. (a) The two divergent operons that compose the malB locus in E. coli (83). These two operons specify
five proteins, which together make up the active transport system for maltose and maltodextrins. Both operons,
and thus the synthesis of all five proteins, are induced by maltose in the growth medium. At least three of these
proteins are destined to be localized to noncytoplasmic compartments. The malE gene specifies the periplasmic
protein MalE; malF, malG, and malK specify inner membrane proteins; and lamB specifies the outer membrane
protein LamB. Transcription of these two operons is initiated from a central region (P..a). Direction of
transcription is shown by wavy arrows. (b) Genetic structure of a lamB-lacZ fusion. The fusion joint is
designated by a short, vertical, wavy line. Transcription and subsequent translation of the operon shown in (b)
results in the production of three proteins. (c) The MalK protein is required for maltose transport. The LacY
protein is required for lactose transport. The structure of the. LamB-LacZ hybrid protein is shown. The hybrid
protein is composed of LamB sequences at the NH2 temiinus and a major functional portion of 1-galactosidase
at the COOH terminus. All of the hybrid proteins discussed here have essentially identical amounts of .,-
galactosidase sequences at the COOH terminus. For E. coli to express a Lac' phenotype, strains must have both
LacZ (,-galactosidase) and LacY (lactose transport) protein activities.

a hybrid protein that is exported efficiently to
the outer membrane, whereas fusions that con-
tain -40o (codes for the signal sequence plus
173 amino acids) oflamBjam the export machin-
ery and cause precursor accumulation (50, 186).
A final point should be made concerning the

function of the signal sequence. Fusions have
been constructed that specify a hybrid protein
that contains the complete LamB signal se-
quence, plus 15 amino acids of mature LamB.
Despite the presence ofthe signal sequence, the
hybrid protqin remains in the cytoplasm (134).
This finding suggests that, at least for LamB, the
signal sequence is not sufficient to cause export
from the cytoplasm. Other export information
located downstream in the lamB gene appears to
be required.

Mutant Selctions Based on lacZ Gene Fusions

The information gained from the biochemical
analysis of fusion strains has provided certain
insights into the mechanism(s) of protein local-
ization. However, the most significant contribu-
tion of gene fusion technology stems from the

unusual phenotypes often exhibited by fusion
strains. These phenotypes are the consequence
of the cell's attempt to export a hybrid protein
containing -sequences of 1-galactosidase, and
they can be exploited to isolate export-defective
mutants. More importantly, because of the prop-
erties of lacZ fusions, a mechanism to distin-
guish mutations that block export from those
that prevent synthesis is provided. Although the
number of examples are not large, these pheno-
types apparently will be exhibited generally.
One unusual phenotype is characteristic of

fusion strains that produce a hybrid protein that
is incorrectly or inefficiently exported. High-
level synthesis of such hybrid proteins is lethal
probably because these proteins jam the export
machinery, preventing localization of other es-
sential envelope proteins. In the case of malE-
lacZ or lamB-lacZ fusions, this overproduction
lethality is observed when maltose is added to
the growth medium to induce high-level synthe-
sis of the hybrid protein. Accordingly, such
strains are sensitive to maltose (Mal). Muta-
tions that relieve the Mal' phenotype but do not

a)

b)

c),
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prevent synthesis of the hybrid protein (Lac')
are export defective.
A second unusual phenotype is characteristic

of fusion strains that produce a hybrid protein
that is efficiently localized to a membrane. In
such an environment, the 0-galactosidase por-
tion of the hybrid protein exhibits reduced enzy-
matic activity, probably because it cannot as-
sume an active conformation. Accordingly,
these fusion strains are unable to grow on lac-
tose (Lac-). By selecting Lac', mutations that
prevent export of the hybrid protein can be
obtained.
By the selection procedures described, a num-

ber of export-defective mutations have been
isolated. Such mutations provide the basis for
genetic analysis of protein export.

Mutations That Alter the Signal Sequence and
Block Export

The selection procedures described in the
previous section have been used to isolate muta-
tions that alter the signal sequence of three
genes (lamB, malE, phoA). All of these muta-
tions prevent export of the respective hybrid
protein. When recombined genetically into an
otherwise wild-type gene, most also prevent
export of the cognate protein, causing the pre-
cursor form to accumulate in the cytoplasm (4,
6, 52-54, 131). In addition to the mutations
isolated by using gene fusions, signal sequence
mutations have been constructed by in vitro
mutagenesis (91, 109, 110). Taken together these
mutations prove conclusively that the signal
sequence is required for export. Since the muta-
tions cause precursor accumulation in the cyto-
plasm, we conclude that the signal sequence
must function in an early step in the export
process. Indeed, the signal sequence apparently
is required to initiate protein localization. Many
signal sequence mutations, especially those con-
structed in vitro, cause only a partial export
block (55, 91, 109). To distinguish these, we will
arbitrarily classify export-defective mutations as
those which block export more than 90o and
which cause a null phenotype. Many of the
signal sequence mutations have been character-
ized at the level of the DNA sequence. These
mutations (Fig. 2) shed some light on the func-
tions performed by the various molecular com-
ponents of the signal sequence. Because our
work deals primarily with the LamB signal se-
quence, we will use it as a focus for discussion.
Like all signal sequences, the LamB signal se-
quence can be divided into two distinct domains:
an NH2-terminal hydrophilic segment and a cen-
tral hydrophobic core that extends near to the
site of processing. These two domains are gener-
ally separated by one or two basic amino acids,
especially in procaryotic sequences (Fig. 2).

Sequence comparison of all known signal se-
quences reveals no other striking homologies
except for the presence of an amino acid with a
small side chain (Ala, Ser, Gly, Cys) at the
processing site.
The NH2-terminal domain, excluding the ba-

sic amino acid residues, does not appear to play
a critical role in export. Several lines of evidence
support this claim. First, no export-defective
mutations are known to lie in this region. Sec-
ond, this sequence varies in composition and
varies in size from as small as one (methionine,
specified by the initiation codon) to as large as
seven. Indeed, Talmadge et al. (202) have placed
18 extra amino acids in this region of the signal
sequence of preproinsulin. Export from the cy-
toplasm of E. coli appears to occur normally.
The central hydrophobic core clearly plays an

important role in the initiation of protein export.
All of the export-defective lamB mutations alter
this region of the signal sequence (52). Similarly,
all export-defective malE (6), phoA (131), and
bla (produced by in vitro mutagenesis) (109, 110)
mutations alter this region as well. Since no
sequence homology can be recognized between
various signal sequences and since all export-
defective lamB mutations, and nearly all others
as well, result in the presence of a charged
amino acid in this region, one could argue that
this sequence functions simply because it is
hydrophobic.
Although we do not doubt the importance of

hydrophobicity, we believe that certain amino
acid residues in this region play a more critical
role in export initiation. In the LamB signal
sequence, the presence of a charged residue at
position 14, 15, 16, or 19 blocks export by >95%.
However, a charged residue, either acidic or
basic, at position 17 has essentially no effect on
the export of LamB to the outer membrane (55).
Thus, the position of the alteration, not the
presence of a charge, determines the effect of
the mutation.
We believe that the residues at positions 14,

15, 16, and 19 define an important recognition
site. These four residues probably interact di-
rectly with a cellular component of the protein
export machinery. If one of these residues is
altered by mutation, this critical recognition
cannot occur and the export process does not
initiate. The result is the accumulation of precur-
sor in the cytoplasm. The data we have obtained
by genetic analysis of the LamB signal sequence
are consistent with this proposal. All of the
export-defective lamB mutations (14 base sub-
stitutions and 13 deletion mutations) alter one or
remove one or more of these critical four resi-
dues. The point mutations that do not alter one
of these residues do not block export (Fig. 2).
An apparent exception to the statement that
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all export-defective lamB mutations alter at least
one of these critical four residues is the small
deletion mutation lamBS78. This 12-base pair
deletion removes amino acids 10, 11, 12, and 13
from the LamB signal sequence. It blocks export
by >95%. Although this deletion certainly does
not alter one of the four critical amino acids
directly, recent evidence (55a) indicates that the
mutation alters the recognition site indirectly by
altering the secondary conformation of residues
14, 15, and 16.
Rules for prediction of peptide secondary

structure (28) have been used to determine that
the hydrophobic core of the LamB signal se-
quence probably exists in an a-helical conforma-
tion (7). Since two amino acids in this core
region, proline at position 9 and glycine at
position 17, destabilize helical structures, the
helix is predicted to terminate in the region of
these two residues. According to these rules,
none of the point mutations that alter the LamB
signal sequence would alter this secondary
structure. However, the small deletion mutation
lamBS78, which removes residues 10, 11, 12,
and 13, would alter the secondary structure
because in the mutant signal sequence the helix-
destabilizing residues, proline and glycine, are
too close to each other (three residues apart
instead of seven as in the wild-type sequence) to
permit a helix to form between them. Conse-
quently, the critical residues 14, 15, and 16
cannot form the helical conformation required
for recognition.
The hypothesis that the lamBS78 deletion

alters the secondary structure as described
above has been tested genetically. Since the
critical recognition site is still intact in the mu-
tant signal sequence, we predicted that function
would be restored by a second mutation that
permits the critical region to assume an a-helical
conformation. Our studies confirmed this pre-
diction. Secondary mutations that change the
proline at position 9 to leucine or that change the
glycine at position 17 to cysteine restore func-
tion to the mutant signal sequence (55a). Both of
these changes permit the recognition site to
assume an a-helical conformation.
The various molecular components of the

LamB signal sequence and the function each
appears to perform in initiating protein export
can be summarized as follows. (i) The NH2-
terminal domain preceding the basic amino acids
does not appear to be required. (ii) The central
hydrophobic core is essential. Furthermore, this
core must be able to assume an a-helical confor-
mation to allow recognition to occur. (iii) A
critical subset of four amino acids contained
within the hydrophobic core comprises a recog-
nition site that interacts directly with a compo-
nent of the cellular export machinery.

The nature of the cellular component that
interacts with the recognition site in the hydro-
phobic core is not known. We presume, howev-
er, that the components will be defined geneti-
cally by mutations such as priA. Such mutations
alter a cellular component and restore recogni-
tion of mutationally altered signal sequences
(see below). We do not mean to imply that the
only function performed by the signal sequence
is in the initiation of export. Protein localization
is likely to be a multistep process. Conceivably,
the signal sequence could function in several of
these steps.
The function of the basic amino acid residues

that separate the two signal sequence domains
remains unclear. None of the export-defective
mutations that have been isolated alters one of
these residues. However, Schwartz et al. (182)
have isolated a mutant in which the arginine at
position 6 of the LamB signal sequence is
changed to a serine. Studies performed with this
mutant suggest that the mutation may interfere
with the cellular mechanism that couples export
and translation (70, 71). Analogous mutations
have been constructed in vitro in the gene cod-
ing for Lpp, a major outer membrane protein of
E. coli, and similar results were obtained (87).
These results will be discussed in more detail
below.

Mutations That Prevent Processing
One of the most characteristic features of

protein export is the proteolytic removal of the
signal sequence. Since its initial discovery, this
processing step in the export process has posed
several important questions. First, what is the
basis for pronounced specificity of signal pepti-
dase? In other words, what is the recognition
site for the processing enzyme? Second, is pro-
cessing required for correct cellular localiza-
tion? Does it, for example, provide thermody-
namic energy and render the export reaction
irreversible? Third, are precursor molecules bio-
logically active or does the processing step con-
vert an inactive "proenzyme" form of the mole-
cule into an active species in a manner similar to
intestinal zymogens? Although the number of
examples is not large, there are sufficient data on
mutants to allow some of these questions to be
answered. Let us deal first with the recognition
site for signal peptidase.
As described in the preceding section, muta-

tions that alter the signal sequence and prevent
export from the cytoplasm also prevent proteo-
lytic removal of the signal sequence. This corre-
lation between export and processing probably
results from the inaccessibility of the internal-
ized precursor molecule to the processing en-
zyme(s) that appears to be located in the cellular
envelope (26, 123, 204). This hypothesis is sup-
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ported by the observation that when export of
the mutant protein is restored by a suppressor
mutation such as priA, processing is restored as
well (49, 51; the prl suppressor mutations are
described in detail in a following section). Thus,
most of the export-defective signal sequence
mutations do not alter the recognition site for the
processing enzyme.
One exception to this statement is the 36-base

pair deletion that removes 12 amino acids from
the LamB signal sequence (Fig. 2). Even though
this deletion ends four amino acids from the
processing site, recognition by signal peptidase
is prevented (49, 51). A second inframe deletion
within the lamB gene also appears to prevent
processing. This deletion removes amino acids
70 through 200 of the mature protein. Although
the shortened LamB protein is localized correct-
ly, it seems not to be processed (8). Thus, for
LamB, it appears that the processing site en-
compasses a rather large NH2-terminal domain.
Three mutations that alter the Bla signal se-

quence and affect processing but not export
have been characterized (110). Two of these
mutations specifically alter the proline at posi-
tion 20, three amino acids from the processing
site. In one mutation the proline is changed to a
serine; in the other it is changed to a leucine. In
the former case processing occurs at a greatly
reduced rate, and in the latter case, it is abol-
ished. The third alteration is a change of four
amino acids (18 to 21) two residues from the
processing site (Fig. 2). In this case the proline
at position 20 is again changed to a leucine and
again processing is abolished. Thus, for Bla, the
site recognized by the enzyme includes at least
the four residues within the signal sequence
adjacent to the site of cleavage. Since the muta-
tional alterations that abolish processing all af-
fect proline at position 20, it may be that second-
ary structure in the region is important.
A mutation that changes the second amino

acid of the mature M13 (fl) major coat protein
from a glutamic acid to a leucine has been
studied in detail (14, 168). This mutant protein is
a poor substrate for signal peptidase both in vivo
and in vitro. Thus, as with LamB, the recogni-
tion site for the processing enzyme for the coat
protein appears to extend beyond the signal
sequence.
Taken together the results with LamB, Bla,

and coat protein indicate that the recognition
site for signal peptidase may extend well beyond
the processing site in both directions. The re-
sults also suggest that secondary conformation
may play an important role. Given the pro-
nounced specificity of this protease, these re-
sults are perhaps not surprising. However, with-
out more data, accurate description of the
substrate of signal peptidase is not possible.

Lpp undergoes an extensive series of post-
translational modifications. Several of these
modifications are required to allow proteolytic
removal of the signal sequence. Two mutations
are known that prevent modification of the cys-
teine residue at position 1 of mature Lpp to form
a thioetherdiglyceride. One mutation changes
the glycine at position 14 of the signal sequence
to aspartic acid (116). The other changes the
cysteine residue itself to glycine (90). Since both
mutations prevent the posttranslational modifi-
cations, they also prevent removal of the signal
sequence. However, because of the requirement
for modification, the protease that removes the
signal sequence from Lpp probably is not the
same as the processing enzyme for other export-
ed proteins that are not modified. Indeed, puri-
fied preparations of signal peptidase will not
process either modified or unmodified Lpp (204,
205).

Is the requirement for processing necessary
either for localization or for activity? With
LamB, localization without processing has been
observed by three different methods. First, if the
export block caused by the deletion that re-
moves amino acids 9 to 20 of the signal sequence
is relieved by either a priA or a priC suppressor
mutation, the mutant protein is exported to the
outer membrane where it functions normally
despite the fact that the altered signal sequence
has not been removed. Second, the suppressor
mutation priB relieves the export block caused
by all of the lamB signal sequence mutations. In
all cases, the mutant protein that is localized to
the outer membrane is functional but unpro-
cessed (49, 51). Finally, a deletion that removes
amino acids 70 through 200 of mature LamB
appears to prevent processing but not export (8).
Thus, for LamB, processing appears to be un-
necessary.
With Bla, processing is required for secretion

of the protein into the aqueous periplasmic
space. As with LamB, mutations that prevent
processing of Bla do not prevent export from the
cytoplasm, nor do they inactivate the enzyme.
In this case, however, processing does have a
measurable and important effect. Removal of the
signal sequence is required for release of the
enzyme from the outer face of the cytoplasmic
membrane into the aqueous periplasmic com-
partment (110). This requirement is similar to
the situation in the gram-positive organism B.
licheniformis, in which proteolytic removal of
the signal sequence results in secretion of the
enzyme into the growth medium (191).

Results with PhoA are somewhat more com-
plicated. The precursor form of the enzyme
made in vitro is active (88). However, signal
sequence mutations causing the accumulation of
precursor in the cytoplasm appear to inactivate
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the enzyme. An intriguing explanation for this
anomaly is that the disulfide bonds required for
producing the active dimer cannot be formed in
the relatively reducing environment of the cyto-
plasm (130). If this explanation is correct, then
processing is not required to activate PhoA
either.

Since the primary function of Lpp appears to
be structural, assessment of the requirement of
processing for activity is difficult. Mutations that
prevent processing but not export appear to
have an Lpp- phenotype. However, since these
mutations also prevent the posttranslational
modifications, one cannot determine which
event is critical.

All in all, there does not appear to be a good
general reason for proteolytic removal of the
signal sequence. In light of the results described
above, processing is probably not required for
export. Moreover, in most cases, it does not
appear to be required for activity either. Howey-
er, processing may have subtle effects on specif-
ic activity, and in some cases processing may be
essential. Again, more data are required before
these questions can be answered.

Intragenic Information Outside the Signal
Sequence Specifying Export and Membrane

Insertion
The signal sequence functions in the initiation

of protein export. Although this sequence is
essential, studies with lamB-lacZ fusions, for
example, suggest that the signal sequence is not
sufficient to cause export from the cytoplasm;
other information located within lamB is also
required. Moreover, there must be information
within lamB and other genes that code for mem-
brane proteins that causes membrane insertion
and sorting signals that specify localization to
the correct cellular membrane. Since the signal
sequence is removed during the export process,
such information must lie elsewhere. To deter-
mine the nature and location of this additional
intragenic export information within lamB, tech-
niques to permit the isolation of a series of
inframe deletion mutations internal to the struc-
tural gene were devised. This experimental ap-
proach is described in Fig. 4. Analysis of the
effects of these deletions on the export of both a
LamB-LacZ hybrid protein and an otherwise
wild-type LamB made it possible to more pre-
cisely define the location of export information
within the lamB gene (8).
Ten independent inframe lamB deletions were

analyzed. Most do not affect the localization of
the LamB-LacZ hybrid protein. These deletions
have been recombined genetically onto an other-
wise wild-type lamB gene. With techniques of
immunofluorescence, it was demonstrated that

amp
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FIG. 4. Scheme for isolating internal inframe dele-
tions. The pKBZ42-12 plasmid provides a means for
the in vitro generation of deletions within the lamB
sequence. This plasmid encodes the COOH terminus
of malK, a functional (LacZ+) lamB-lacZ42-12 hybrid
gene, and the selectable pBR322 marker bla (ampicil-
lin resistance). A unique SmaI restriction site is pre-
sent at a position corresponding to amino acid 182 of
the mature LamB protein. By linearization of the
plasmid at this site and then treatment of the DNA
with the exonuclease Bal3l a random series of small
deletions can be generated. After nuclease treatment,
the plasmid can be ligated and transformed into an
appropriate recipient. DNA molecules that escape the
BaIl3 treatment can be selected against by a second
SmaI digestion before transformation. Clones contain-
ing deletions that retain the correct reading frame for
the LamB-LacZ hybrid protein and that do not extend
outside the coding sequence for lamB can be identified
by their blue color in the presence of the chromogenic
3-galactosidase substrate 5-bromo-4-chloro-3-indoyl-
P-D-galactoside.

these deletions also have no detectable effect on
the export of LamB. Physical analysis of these
deletions showed that they range in size from
-12 to 400 base pairs. Fine-structure mapping
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with various restriction enzymes coupled with
the known DNA sequence of the lamB gene
permitted location of the amino acids removed
by these deletions to be deduced. Taken as a
group, these deletions remove the protein seg-
ment from approximately amino acid 70 through
220 of the mature LamB protein. (Mature LamB
protein contains 421 amino acids [30].) Since
these deletions do not affect export, it was
concluded that no export information is located
in this region of the lamB gene. Furthermore,
since the largest of these deletions removes
approximately one-third of the protein, it seems
reasonable to conclude that overall protein
structure is not a driving factor in the localiza-
tion process.
Two of the 10 inframe lamB deletions affect

localization of the LamB-LacZ hybrid protein.
Although these deletions do not abolish export,
they decrease export efficiency; i.e., a signifi-
cant fraction of the hybrid protein does not
reach the outer membrane. Physical analysis of
these deletions suggested that they remove
DNA close to the fusion joint between lamB and
lacZ (corresponds to amino acid 240 of mature
LamB). Taken together, these deletions remove
the protein segment from approximately amino
acid 100 through, and possibly beyond, 235.
Since removal ofamino acids 70 through 220 had
no effect on export, it would appear that a region
that lies close to the fusion joint will increase the
efficiency of export of the hybrid protein to the
outer membrane. Repeated attempts to recom-
bine these deletions into an otherwise wild-type
lamB gene were unsuccessful. Apparently these
deletions remove most, if not all, of the lamB
DNA between the promoter-distal end of the
deletion and the lacZ DNA present at the fusion
joint. In the absence of this lamB homology, the
reciprocal recombination required for incorpo-
ration of the deletion onto a wild-type lamB gene
is prevented. Accordingly, the effect of these
deletions on the export ofLamB itself cannot be
determined. Since both of the deletions that alter
the localization efficiency are known to delete
DNA very close to and possibly at the fusion
joint, the possibility that it is a sequence at the
fusion joint that increases the efficiency of local-
ization cannot be eliminated.
The data obtained from the analysis of inframe

lamB deletions and from the various lamB-lacZ
fusions are consistent with the hypothesis that
discrete regions of the protein play critical roles
in the localization process. The signal sequence
defines the first discrete region, and it appears to
function in the initiation of protein export. A
second region is defined by amino acids 15
through 70 of mature LamB. If the signal se-
quence plus 15 amino acids of mature LamB are
attached to a large functional COOH-terminal

portion of P-galactosidase, the hybrid protein
produced remains in the cytoplasm (134). Con-
versely, an otherwise identical fusion containing
-175 amino acids of LamB is exported to the
outer membrane with an efficiency of -40%.
Clearly, this segment of the lamB gene contains
sufficient information to direct ,-galactosidase
to an outer membrane location. A number of
inframe deletions demonstrated that amino acids
70 through 220 can be removed without affecting
export of either LamB-LacZ hybrid proteins or
LamB itself (8). Accordingly, the information
required for export from the cytoplasm and
incorporation into the outer membrane must be
contained in a region of lamB corresponding to
amino acids 15 to 70. The nature and function of
this critical region are a major focus of current
research.
A third region of lamB, although not required

for localization, appears to increase the efficien-
cy of the export process. This region has only
been definable through the use of lamB-lacZ
fusions. Deletion analysis indicates that this
region lies after amino acid 235 of LamB. This
region of LamB may function as a stop transfer
sequence for hybrid protein export (186).
Whether this region functions in LamB export
remains to be demonstrated. A summary of the
intragenic export information within lamB is
shown in Fig. 5.
Using techniques of recombinant DNA to

produce truncated peptides, Boeke and Model
(13) have identified a functional stop transfer
sequence in the fl gene III protein. This inner
membrane protein spans the bilayer once and
has a topology resembling a eucaryotic viral
glycoprotein. The COOH terminus is hydropho-
bic and probably anchors the protein in the
membrane. Deletions that produce truncated
peptides lacking this COOH-terminal sequence
cause export to the periplasm. These results are
similar to those obtained with the membrane-
bound and secreted forms of IgM ,u-chain (164)
described above. Here again, removal of a func-
tional stop transfer sequence prevents mem-
brane insertion and allows complete passage of
the peptide through the membrane. Further
work is required to establish the precise nature
and function of the hydrophobic COOH-termi-
nal sequence.

Cellular Components of the Protein Export
Machinery

Export-defective mutants. An important goal
of studies on protein export is to identify and
characterize cellular components of the protein
export machinery. One approach to this problem
is to isolate mutants that exhibit a pleiotropic
export-defective phenotype. Various schemes
have been used to identify such mutants. Some
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FIG. 5. Location of export information within the LamB protein. The LamB protein is represented by a line.
The signal sequence of 25 amino acids is located at the NH2-terminal end. The mature protein starts at amino acid
1. The various steps of the localization process are positioned above the line; each step is operationally defined
by mutation or gene fusion. The first step of the localization process is initiation. We think that at this point the
translation complex (mRNA, ribosome, and required factors) has assembled and the nascent polypeptide chain
starting with the signal sequence has emerged from the complex, allowing an association with the export
machinery in the membrane. Transfer defines the step at which the nascent polypeptide chain becomes firmly
associated with the membrane. We think that this association involves the inner membrane because it is this
membrane that will be accessible to the translation machinery. We define translocation as the movement of the
peptide chain from the site of synthesis and transfer to its final location in the outer membrane. Processing is the
proteolytic removal of the signal peptide from the polypeptide chain and occurs at the NH2-terminal side of the
first amino acid of the mature protein. The efficiency signal has been operationally defined through the use of
lamB-lacZ protein fusions (see text). Its location and function in the mature LamB protein have been
extrapolated from these data. We have positioned the steps over the particular region that contains the
information determining that step of the process.

of these are based on the assumption that muta-
tions that prevent protein export will be lethal.
For example, a collection of conditional-lethal
mutants isolated by Hirota that are temperature
sensitive for growth has been screened for accu-
mulation of precursors of exported proteins at
the nonpermissive temperature without success
(K. Ito, personal communication). The failure of
such brute-force techniques demonstrates the
need for specific selection or screens for export-
defective mutants.
Wanner et al. (211) have designed a procedure

for the isolation of mutants unable to secrete
periplasmic proteins. This procedure is based
upon the assumption that some factor(s) exists
that is necessary for the secretion of periplasmic
proteins, e.g., PhoA, but that is not necessary
for the synthesis of cytoplasmic proteins, e.g.,
3-galactosidase. Mutants are detected on agar
medium that includes indicators for both Bla and
,B-galactosidase syntheses. In addition, since
mutations defective in the secretion of a number
of envelope proteins may be lethal to the cell,
the general Approach used by Schedl and Prima-
koff (177) for the detection of conditional-lethal
mutants was adopted. The mutation perA was
isolated in this manner. Although this mutation
has pleiotropic effects, we do not know whether
the mutation affects secretion or regulation, or
perhaps both. The mutation appears to lie in a
gene, envZ, which is known to be involved in the
transcriptional regulation of the genes specifying

the major outer membrane porins OmpF and
OmpC (73, 74, 210). In a similar vein, Dassa and
Boquet (34) have isolated a mutant, expA, that
simultaneously depresses expression of 10 peri-
plasmic proteins and at least 1 outer membrane
protein. Expression of cytoplasmic proteins is
apparently not affected. The mutation maps at
22 min on the E. coli chromosome. Here again, it
is not clear whether the mutation affects synthe-
sis or export.
Another method for obtaining export-defec-

tive mutants requires knowledge of a chromo-
somal locus known to be involved in protein
localization. This technique uses local mutagen-
esis to increase the frequency of desired mu-
tants. Using this procedure, Ito et al. (96a)
isolated a temperature-sensitive mutant that af-
fects protein export. The target for the local
mutagenesis was the large ribosomal gene clus-
ter, a locus known to contain the prlA mutation
(see the following section). All cell manipula-
tions were done at 30°C, and transductants were
screened for the inability to grow at 42°C. Tem-
perature-sensitive mutants were screened for an
export defect by looking for accumulated pre-
cursor MalE after short exposure to the nonper-
missive temperature. The precursor protein was
identified by antibody precipitation.
A direct selection for mutants affecting the

export machinery has been developed based on
the Lac- phenotype exhibited by certain malE-
lacZ fusion strains. As described above, muta-
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tions that prevent export of this hybrid protein
confer a Lac' phenotype. The properties of this
strain suggested that only a slight degree of
internalization would provide sufficient ,B-galac-
tosidase activity for growth on lactose. This
proved to be the case, and mutations were
obtained that define two new genetic loci in E.
coli, secA and secB (113, 144, 147).
The secA mutation has been characterized in

some detail. Strains containing this mutation
grow normally at 30°C; at 42°C, growth stops
and cells form filaments and accumulate precur-
sor forms of several different exported proteins.
However, not all exported proteins are affected
by secA. Some proteins are localized normally
at the nonpermissive temperature. The mutation
is not strictly conditional; some precursor can be
detected at permissive temperatures.
Subsequent studies have shown that the secA

gene maps at 2.5 min on the E. coli chromo-
some. Using a secA transducing phage and UV-
irradiated cells, Oliver and Beckwith (145, 146)
have shown that the gene product is a protein of
92,000 daltons. Fusions, secA-lacZ, have been
constructed, and the hybrid protein has been
used to obtain antisera directed against SecA. In
addition, a secA amber mutation has been isolat-
ed. With these reagents, evidence has been
obtained indicating that the SecA protein is
essential for growth and that it is regulated in
response to the secretion requirements of the
cell; i.e., if the export machinery isjammed with
a hybrid protein, or if export is blocked by a
secA(Ts) mutation, expression of secA is dere-
pressed at least 10-fold.
The secB mutants have been more difficult to

characterize because no conditional-lethal muta-
tions are known. The mutants accumulate pre-
cursors of a variety of exported proteins, and the
mutation maps at 80 min on the E. coli chromo-
some (113, 147).

Suppressors of export-defective mutations. As
already noted, one approach to identifying cellu-
lar components of the export machinery is to
isolate mutants that are generally export defec-
tive. Another approach is to devise a selection of
mutants in which an internalized protein is ex-
ported. The mutants in which the precursor of
the lamB gene product is found in the cytoplasm
provide a selection for the export of an internal-
ized protein. These mutant strains do not local-
ize LamB to the outer membrane because the
export machinery cannot recognize the muta-
tionally altered signal sequence. Therefore, one
should be able to alter the export machinery by
mutation to restore recognition of the signal
sequence. Such mutations would define compo-
nents of the export machinery. The availability
of mutants in which the export process is altered
should allow the identification of important gene

products, and this, in turn, should provide a
means to analyze the export pathway biochemi-
cally.

In mutant strains that produce a LamB protein
with a defective signal sequence, the protein is
found in soluble form in the cytoplasm with the
altered signal sequence still attached. Conse-
quently, such strains exhibit a typical LamB-
phenotype, e.g., inability to utilize maltodex-
trins as a carbon source and resistance to bacte-
riophage K. By using these strains, second-site
pseudorevertants were isolated by selecting for
the ability to grow on maltodextrins. The muta-
tion responsible for pseudoreversion suppresses
the defect caused by the altered signal sequence
and restores export and, in most cases, normal
processing of the LamB protein. Three different
second-site suppressor mutations have been
identified. These suppressors, termed prl (pro-
tein localization) A, -B, and -C, should define
cellular components that interact with the signal
sequence during the export process (51).
One of the suppressors, priA, has been char-

acterized in some detail. It causes phenotypic
suppression of all export-defective signal se-
quence mutations in lamB, malE (49), and phoA
(129, 131). In some cases, prlA restores export
to levels that are >85% of that seen in wild-type
strains. Despite this powerful suppression, priA
causes no growth defects nor does it alter nor-
mal protein export. Since the prlA suppressors
restore export of several different proteins with
defective signal sequences, the cellular compo-
nent altered by the prlA mutation probably inter-
acts with this sequence during the export proc-
ess. Genetic mapping shows that the gene
altered by the suppressor mutation is a compo-
nent of the spc operon (51). This operon, which
maps at 72 min on the E. coli chromosome, has
been shown to specify 10 different ribosomal
proteins (99, 100, 157). By using a combination
of genetic, biochemical, and recombinant DNA
techniques, it was shown that the priA mutations
map at the extreme promoter-distal end of the
spc operon and do not alter any of the previously
known genes (183).

Previous studies had suggested the presence
of a rather large DNA sequence at the end of the
spc operon before the most likely transcription
termination site (157). Furthermore, this se-
quence has been shown to contain an open
reading frame capable of expressing a protein of
443 amino acids (P. D. Cerretti, D. Dean, G. R.
Davis, D. M. Bedwell, and M. Nomura, Cell, in
press). Genetic and biochemical analysis of a
cloned prlA suppressor demonstrated that the
mutation lies in this region. Since the DNA
sequence was known, it was possible to fuse
sequences from the open reading frame to lacZ
sequences. The resulting hybrid gene should
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specify a hybrid protein comprised of an NH2-
terminal sequence specified by the open reading
frame and a large COOH-terminal portion of
functional B-galactosidase. The structure of this
hybrid gene is such that translation start signals
must be provided by the open reading frame.
Since expression of the hybrid protein was ob-
served, it can be concluded that functional sig-
nals are present and that the open reading frame
is expressed in vivo. The protein specified by
this heretofore unidentified gene appears to be
the cellular component altered by the prlA muta-
tions. This new gene has been termed prIA (183).

Several lines of evidence suggest that the prlA
gene does not code for a ribosomal protein.
First, the chromosomal location of almost all of
the ribosomal protein genes is known. The few
remaining genes that have yet to be mapped all
specify a protein much smaller than PrlA (93,
219). Finally, the spc operon has been expressed
in vitro, and the genes specifying each of the
known ribosomal proteins have been identified
(99, 117). Thus, even though the prlA gene
product has not been identified, it is unlikely
that the gene specifies a known component of
the ribosome.
The prlA suppressor restores not only export

but also processing of every tested signal se-
quence mutation except one. This result also
demonstrates that signal sequence mutations
that prevent export do not prevent processing. If
the mutant protein can be exported, it can be
processed. This finding provides genetic evi-
dence that the processing enzyme must be locat-
ed outside of the cytoplasm. Indeed, given the
problems associated with cellular fractionation
techniques, signal sequence processing may pro-
vide a more reliable test for export from the
cytoplasm.

Several other lines of evidence support the
contention that PrlA is a component of the
cellular protein export machinery. First, as de-
scribed above, Ito et al. (96a) have isolated a
temperature-sensitive lethal mutation, using
techniques of local mutagenesis. At the nonper-
missive temperature, the export and processing
of several different proteins are drastically re-
duced. Although the nature of this mutation is
not known, it has been shown that expression of
the ribosomal protein L15 is greatly reduced at
high temperature (96a). This mutation may also
decrease expression of PrlA because the prlA
gene is located adjacent to and promoter distal
from the gene specifying L15. Thus, in the
absence of PrlA, protein export may be blocked
at an early step.
A second line of evidence indicating that PrIA

is a component of the export machinery comes
from studies with secA(Ts). One might antici-
pate that second-site mutations in genes coding

for proteins that interact with SecA could com-
pensate for the export defect. To test this possi-
bility, pseudorevertants of a secA(Ts) strain that
are no longer temperature sensitive for growth
were isolated (E. Brickman, D. Oliver, J. Gar-
win, C. Kamamato, and J. Beckwith, personal
communication). These pseudorevertants no
longer exhibit an export-defective phenotype.
One of these second-site mutations appears to
map in priA. Thus, both SecA and PrlA probably
are components of the export machinery. Fur-
thermore, these two proteins may interact at
some point during the export process.
The function of the PrlA protein remains to be

elucidated. Although the gene does not appear
to code for a known ribosomal protein, its
location in an operon that specifies 10 other
ribosomal proteins suggests that PrIA may be
associated with the machinery of protein synthe-
sis. The genetic data suggest that PrlA may be
involved in signal sequence recognition. Ac-
cordingly, PrlA may function in the coupling of
translation and export.
The prlB suppressor is unusual in several

respects. First, it suppresses only LamB signal
sequence mutations. Second, the suppressor re-
stores export of the mutant LamB proteins but
not processing (49, 51). Only a single priB allele
has been isolated. This mutation is a small
deletion (-250 base pairs) in the gene coding for
the periplasmic ribose-binding protein that lies
at 84 min in the E. coli chromosome (J. Garwin
and S. Emr, personal communication). It is not
clear why a mutation in the gene coding for a
protein involved in ribose transport can restore
export of a LamB protein with a defective signal
sequence. Moreover, since export in the pres-
ence of the prlB suppressor occurs without
processing, the mutant LamB protein may not
be localized by the normal route. For these
reasons, we suspect that prlB is not a component
of the export machinery and that it suppresses
the lamB signal sequence mutations by a bypass
mechanism.
Two alleles of prlC have been isolated (51; J.

Shultz, personal communication). These sup-
pressors resemble priA in that they suppress
signal sequence mutations in both malE and
lamB and in that they restore both export and
processing (49). The priC mutation maps be-
tween 69 and 71 min on the E. coli chromosome.
This map location provides no clues as to the
nature of the cellular component altered by the
suppressor mutation.

Recently a fourth suppressor, priD, has been
isolated. This was done by selecting Mal' pseu-
dorevertants of a strain carrying a deletion that
removes amino acids 12 to 18 of the MalE signal
sequence. prlD suppresses some, but not all, of
the MalE signal sequence mutations. It has no
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effect on the lamB signal sequence mutations. In
the cases where prlD is effective, it restores both
export and processing. The suppressor maps
near, but not in, secA. A particularly intriguing
result is that prUA priD double mutants exhibit a
generalized export-defective phenotype, causing
the accumulation of precursor forms of many
envelope proteins (V. Bankaitis, B.. Rasmussin,
and P. Bassford, personal communication).
These results provide important evidence that
both PrlA and PrlD are components of the
export machinery. Moreover, they suggest that
the two gene products may interact directly.
A Mechanism to Couple Protein, Synthesis and

Export
Studies with eucaryotic cells indicate a bio-

chemical mechanism to couple translation and
export. This mechanism involves SRP and dock-
ing protein (Fig. 1). Evidence currently available
in procaryotic systems suggests the existence of
a similar mechanism. The first experimental
results to support this coupling mechanism came
from the analysis of mutations that alter one of
the basic amino acids in the hydrophilic portion
of the LamB signal sequence. The manner in
which these mutants were isolated is complicat-
ed and warrants some discussion. Starting with a
lamB-lacZ fusion, Schwartz et al. (182) were
able to isolate mutations that prevent translation
of the hybrid gene by selecting for mutants in
which expression of LacZ, but not LacY, activi-
ty is decreased. Some of these mutations appear
to decrease translation of the hybrid gene by
stabilizing a stem-loop structure at the beginning
of the LamB mRNA that includes the ribosome-
binding site. Second-site mutations that destabi-
lize the stem-loop structure and restore transla-
tion were then obtained by selecting Lac+.
These second-site mutations were shown by
DNA sequence analysis to lie within the signal
sequence region of lamB and to change the
arginine codon at position 6 to a serine codon
(Fig. 2) (71). Using a lamB-lacZ fusion that
contains the LamB signal sequence but pro-
duces a hybrid protein that remains in the cyto-
plasm, Hall et al. (70) have shown that transla-
tion is restored to wild-type levels in the double
mutant. However, when the mutations are re-
combined into a lam4?-lacZ fusion that specifies
an exported hybrid protein, expression is re-
duced markedly. Moreover, when the mutations
are present in an otherwise wild-type lamB gene,
expression of LamB is reduced as well. Recent-
ly, S. Inouye et al. (91) constructed similar
mutations in Lpp, using in vitro techniques.
These mutations also appear to affect expres-
sion. The correlation between export and syn-
thesis suggests that these two processes may be
coupled in vivo.

Further evidence to support a mechanism that
couples synthesis and export comes from stud-
ies with the secA nonsense mutation. When this
mutation is present in a strain carrying a tem-
perature-sensitive nonsense suppressor, expres-
sion of SecA can be controlled conditionally.
Oliver and Beckwith (146) have shown that
synthesis of MalE is greatly reduced when this
strain is incubated at high temperature, in con-
trast to results described previously with priA.
In this case, absence of the gene product ap-
pears to prevent export but not synthesis since
precursor accumulation can be demonstrated
(Ito et al., in press).

It is tempting to speculate that in E. coli SecA
performs a function related to that of docking
protein, whereas PrlA may be a component of
SRP. If SecA is not present, the translation
block cannot be removed. Conversely, if PrlA is
absent, the block cannot occur and this prevents
export and processing. Although more work is
obviously required, it appears likely that synthe-
sis and export may be coupled in E. coli.

If a mechanism to couple synthesis and export
exists, then biochemical experiments that utilize
pulse-labeling techniques must be assessed cau-
tiously. Such experiments are based on the
assumption that translation proceeds at a con-
stant rate, and this assumption may not be valid.
Similarly, genetic selections for export-defective
mutants that require synthesis of the exported
protein may not yield the desired mutation.
Indeed, the selection that was used to isolate
secA(Ts) utilized a malE-lacZ fusion and re-
quired synthesis of the hybrid protein (Lac').
Mutations in secA that destroy function cannot
be isolated in this manner because such a muta-
tion would prevent synthesis of ,-galactosidase.
The secA(Ts) allele must produce an altered
gene product.

CONCLUSIONS/PROJECTIONS
Results described in this review demonstrate

the enormous progress that has been made in the
last decade towards understanding the molecu-
lar mechanisms of protein localization. We have
learned that the genetic information specifying
correct cellular localization is contained within
the structural gene. In many cases, this export
information is composed of small discrete se-
quences arranged in a defined order in the
primary structure of the protein. Each of these
export signals mediates a particular step in the
localization process. Alteration or removal of
these signals by mutation causes the protein to
be incorrectly localized to a different cellular
compartment. Moreover, by using genetics or
recombinant DNA techniques or both, these
signals can be grafted onto different proteins so
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as to cause export to a particular cellular loca-
tion.

Specific selection procedures have been de-
scribed that have permitted the identification of
several genetic loci whose products are compo-
nents of the cellular protein export machinery.
With existing technology, this knowledge can be
exploited to identify the gene products and raise
specific antisera. Such reagents will allow pro-
tein isolation and biochemical characterization.
Information gained in such studies will form the
basis for reconstituting the export machinery in
vitro from purified components.
Despite these advances, much remains to be

done. Although we have identified intragenic
export signals, our knowledge is descriptive.
The mechanisms by which the various molecular
components of these export signals function
remain to be elucidated. With respect to the
cellular export machinery, we have only
scratched the surface. In all probability, most of
the essential components have yet to be identi-
fied. Solutions to these problems will require
more extensive mutant analysis and increasingly
sophisticated in vitro systems. Both genetic and
biochemical approaches are complicated by the
nature of the export process itself. The series of
reactions that comprise the process of protein
localization are oriented not only in time, but
also in space. In vitro reconstitution will un-
doubtedly require sealed membrane vesicles
that define different aqueous compartments. Re-
placing the various components of the export
machinery into the correct compartment or into
the membrane in the correct topology will re-
quire considerable expertise. A further compli-
cation stems from the observed coupling be-
tween export and protein synthesis. Apparently
protein export requires numerous cellular com-
ponents working in concert, a situation that may
be difficult to mimic in vitro. This complexity
hinders genetic analysis as well. In such cases,
distinguishing the direct effects of a particular
mutation from misleading secondary effects is
often troublesome. Furthermore, the coupling of
synthesis and export complicates mutant selec-
tion. To date, all selections for export-defective
mutations require synthesis of the protein in
question. Novel selection procedures that are
not so limited are required to understand the
phenomenon.
Perhaps the most exciting result of work in the

field of membrane biogenesis is the realization
that all cells use similar mechanisms of protein
localization. This realization has fostered solid
relationships among scientists working in areas
as diverse as eucaryotic cell biology and pro-
caryotic molecular genetics. As we have seen,
the fruits of these unusual collaborations have
been plentiful.
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